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Abstract

Turbulent jets of miscible fluids of different densities are commonly observed in natural

and industrial flows. In these type of flows, the difference in densities causes a buoyancy

driven convection along with the momentum driven flow. In the case of miscible fluids,

the mixing causes variations in density and affects the properties of the jet. Understand-

ing the behaviour of buoyant jet flows and mixing in confined space would help in the

design of buildings in improving natural ventilation, especially during fire or gas leakage.

Understanding the flow and mixing patterns and enhancing the natural ventilation would

help in cases like fire or gas leakage as power shut-down during emergencies would stop

forced ventilation.

The present work aims at studying the patterns of flow and mixing through experi-

ments in a confined space with a jet source of unsteady buoyancy flux. The experiments

were conducted in simple confinements that replicate a wall or roof opening. Approx-

imately 50 flow visualization experiments were conducted on scaled models of a room

with a jet source of buoyancy and flow outlets that resemble windows or roof openings.

The air-smoke pair was replaced by water-salt solution pair to scale down the dimensions

of the experiment set up. The confinement is located at the near-field of the jet. The

results from the project may be used in optimizing the ventilation design to maintain

sufficient oxygen levels inside buildings for safe evacuation and prevent suffocation from

smoke caused by fire.

The experiments were conducted using synchronized Particle Image Velocimetry (PIV)

and Planar Laser Induced Fluorescence (PLIF) techniques to get the high resolution, si-

multaneous, velocity and concentration fields. The design of the experiment set up,

instrumentation, experiment techniques and analysis methods are discussed in the re-

port. Different sets of experiments by varying the flow rate and the position of outlet

have been conducted using simultaneous PIV-PLIF technique. A detailed description of

velocity and density profiles along the flow are presented.

The experiments helped in extending the studies about decelerating, turbulent jet

in confined space. It shows the variation in flow and mixing caused by the near-field
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confinement compared to a free jet. While a free jet entrains fluid from the ambient fluid

domain and transports it in the axial direction, the confinement in the near field causes

steady circulation zones that enhance mixing. Inside the confined space, large variation

from stably stratified flows to violent mixing were observed within Reynold number from

1500− 3700.

It is observed that in the tests with near-field confinement, the Reynolds number is

the key parameter that decides the pattern of flow inside the confinement. The difference

in the properties of the fluid at flow exits for side and bottom opening are discussed.

The relationship between temporal mean centreline velocity and the axial coordinates

is explained. The methods to apply Reynolds averaging for transient flows are also

described. Self-similar profiles of velocity and concentration were observed inside the

confinement. Reynolds stress and velocity-concentration correlations are described. The

increase in mixing caused by the trapped circulation zones due to the confinement is also

explained. Design parameters for buildings with a potential jet source of buoyancy can

be inferred from the present studies. Possible improvements in the experiment methods

for studying specific parameters are also discussed.
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Chapter 1

Introduction

Transport of fluids generally happen in two ways – Natural Convection and Forced Con-

vection. In Natural convection, transport of fluid is caused by density gradients in an

acceleration field, whereas in Forced Convection the fluid transport is caused by an im-

posed pressure gradient. The density gradient could be due to difference in concentration

of a species or temperature or both. The pattern of motion, in a space with gravitational

field acting downwards, is upwards for the lighter fluid parcels and downwards for the

heavier fluid parcels. The net force that pushes the lighter fluid parcels in a direction

opposite to the gravitational field is called the force of Buoyancy.

The force of buoyancy on a fluid parcel is proportional to the difference between

densities of the fluid parcel and its surrounding fluid domain. The force of buoyancy

occurs in an acceleration field. While a pure jet is a flow completely driven by momentum,

a pure plume is a flow completely driven by buoyancy. A buoyant jet flow falls in between

these two limits. A buoyant jet is driven by both momentum and buoyancy. Buoyant

jets and plumes are commonly observed in atmospheric and oceanic flows. They are the

common sources of buoyancy driven convection that needs to be addressed during the

design of buildings and structures for better natural ventilation.

1.1 Natural ventilation

Natural Ventilation refers to the exchange of air from a building or chamber to the

outer atmosphere, driven by existing pressure differences. Two main classifications in

natural ventilation are 1. Wind Driven ventilation and 2. Buoyancy driven ventilation

[34]. Wind driven ventilation causes the fluid transport by pressure difference caused by

winds. Buoyancy driven ventilation occurs due to gradient in density caused by variations

in temperature or concentration or both. Since most of the heat generating objects are

kept near floor level in buildings, there will be a dominant motion of hot air from the

bottom to the top of the room. Placing openings at ideal locations can cause desirable
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changes in the flow and temperature conditions inside the room. The motion of air in

and out of buildings and chambers caused by buoyancy is called Stack effect.

During emergencies like a quick fire or a gas leakage, the power would be shut down to

avoid short circuit and similar issues. Shut-down of power would stop all means of forced

convection that would have helped in flushing the smoke out of the buildings. Wind

driven convection cannot be relied upon during such instances or for different geographic

locations. Thus it is important to improve the natural ventilation by buoyancy driven

convection to reduce the smoke concentration inside the room for quick evacuation and

reduction of damage inside the premises. The intensity of buoyancy driven flows increases

with the increase in the difference in densities of the fluids, which makes it more useful

when there is larger temperature difference between the air inside the room or building

and the ambient atmosphere as in the case of a fire. Therefore understanding the ideal

geometries for buoyancy driven convection is useful for fire safety.

In buoyancy driven convection from a confined space, the presence of different open-

ings at different vertical positions would allow cold air to enter the confinement through

lower openings and flush out hot air through higher openings (displacement ventilation).

In the case of confinement with a single opening, a bidirectional flow happens leading to

mixing flows inside the confinement (mixing ventilation). In displacement ventilation, if

the openings are separated by sufficient vertical distance, stable stratifications happens

and a clear separation layer appears at steady state [35].The portion below this neutral

layer will have denser fluid and the portion above will have lighter fluid. In the case of

buildings, the lower portion of a room will be at a lower pressure compared to the ambient

due to this buoyancy driven convection and draws cold air inside while the upper portion

will be at a higher pressure compared to the ambient and pushes out the lighter fluid.

The pressure at the neutral level will be equal to the pressure of the atmosphere in the

absence of winds.

The project aims at studying the evolution of a buoyant jet and pattern of mixing

in confinement from an unsteady source of buoyancy. The confinement was restricted

to the near-field of the jet thus making it important to analyse the near-field dynamics

first, based on which further studies can be made on buoyancy driven exit flows. Since

the confinement in the axial direction falls in the near-field of the jet, flow patterns

different from cases with confinement in the far-field were expected. The outflow from

the confinement was expected to be primarily driven by buoyancy driven flows. Studying

the pattern of flow and mixing in buoyancy driven convection from a confined space can

help in estimating the time required for the safe evacuation of occupants.
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1.2 Motivation

The problem of studying buoyant, confined jet through flow visualization experiments

was proposed by Bhabha Atomic Research Centre, Mumbai, for verifying CFD models

for natural ventilation from confined space which contains a jet source of buoyancy. Jet in

confined space are used for applications including mixing in chemical industries, cooling

turbine blades and fuel injection in internal combustion engines. The test cases fall under

the category of mixing due to an unsteady, turbulent, buoyant jet in confinement.

Turbulent jet causes transportation of momentum and mixing of species. These flows

falls under the category of canonical flows and are extensively studied by researchers

from different perspectives, using a variety of tools. The turbulent jet causes transport of

momentum in the free-shear layers due to Kelvin-Helmholtz instability and this feature

make these flows useful for various industrial purposes like atomic reactor safety, chemical

mixing chambers, rocket designs etc. The design of safety systems of atomic reactors

are closely related to the effects of density variations of flows inside. Cases like high

temperature local fires and gas leakages may be considered as examples. The coupling

between velocity of flow and mixing adds complexity to these flow cases. Navier-Stokes

equations were used as the governing equations to solve the velocity fields in these cases.

Since there are no generic analytical solutions for non-linear PDEs, no analytical solutions

were obtained for the above mentioned flow cases. The limitations in computational

capabilities make turbulence modelling extremely difficult. Direct numerical solutions

currently are not able to resolve the entire spectra of spatial and temporal scales of

practical, engineering problems.

Characteristics of turbulent jet and plume are extensively studied, especially in the

far-field of the source. But in many real life cases the flow domain would be restricted to

the near-field of the jet or plume. Therefore it is important to study about the pattern

of flow and mixing in the near-field of a fire or gas leakage in a small room. Previously,

many experiments were performed by others using measurement probes to measure flow

parameters. The probe-based measurement systems (hot wires, conductivity probes etc)

were able to give only the point data which was insufficient to characterize any large

flow field. Furthermore these are intrusive methods which can influence the flow field.

Therefore, placing probes at every significant location can affect the flow and decrease

the signal-to-noise ratio (SNR). CFD methods require high resolution experimental data

to refine the turbulent multiphase mixing model.

Therefore it is important to generate an experiments-based database with high reso-

lution, for flows with density gradients so that the flow physics can be explained better
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and the present numerical models can also be improved. In this study about natural

ventilation from confined space, it was assumed that the concentration gradient, inlet

velocity and the confinement geometry are the key factors that decide the flow pattern

where concentration gradient and velocity fluctuations are coupled quantities.

Non-intrusive experimental methods that can give information from a large spatial

domain is preferred over probe-based measurements. Two-dimensional Particle Image

Velocimetry (2D PIV) is a non-intrusive flow velocity measurement method capable of

providing velocity data from a cross sectional plane of the flow. A properly set-up PIV

system has high SNR. 2D- PIV on a vertical plane can be used to extract the vertical

component and one of the horizontal components of flow velocity. The fluid domain needs

to be uniformly seeded with small, neutrally buoyant particles, with a cross sectional plane

illuminated by a laser beam to record images for calculating the flow velocity from the

motion of particles.

Planar Laser Induced Fluorescence (PLIF) is another non-intrusive flow diagnostics

method used to measure concentration of flow components from a cross sectional plane

illuminated by a laser beam of suitable wavelength. The flow seeded with a fluorescent

dye in different concentrations for different components would exhibit fluorescence, at

the selected wavelength, with intensities proportional to the concentration from which

density values can be calculated.

Since PIV and PLIF are non-intrusive flow diagnostics methods and the outputs from

these methods do not affect each other, they can be coupled to form a Synchronized

PIV-PLIF flow measurement system that can give simultaneous velocity and concentra-

tion fields from a cross sectional plane of flow. This combination method can be useful

as velocity and concentration are coupled in buoyancy driven flows of miscible fluids.

Synchronized PIV-PLIF data is useful in finding meaningful velocity-concentration cor-

relations as identical flows cannot be reproduced for PIV or PLIF when done separately,

because each realization of a turbulent flow would be different. There is a considerable

advantage in time also as the total number of experiments can be reduced to half.

Thus the basic problem was identified, experiment techniques and instruments were

selected, and the key parameters were considered. Elaborate planning and design of

inflow and experimental set up was done. Once the design was finalized, the set up

prototype was tested and improved. The instrumentation, data acquisition, verification

and processing procedures were refined and verified before starting the final experiments.

Literature review was also done in this period and the relevant flow physics domains were

identified.
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1.3 Literature review

Turbulent jet is a pressure driven flow through an outlet/cavity. Turbulent jet dynamics

is an extensively studied topic due to its importance in various scientific and engineer-

ing applications. The basic difference between turbulent jet and plume is in the rate of

production and dissipation of turbulent kinetic energy. Jet being primarily momentum

driven, the mean flow produces turbulent kinetic energy and it is lost in viscous dissi-

pation. The plumes being primarily buoyancy driven, the buoyancy factor 1. increases

the mean momentum flux and thus the mean shear production and 2. causes the direct

energy transfer from potential to turbulent kinetic. Viscous dissipation being the sole

mode of dissipation, the intensity of turbulence at equilibrium levels for a plume would

be fairly higher than a jet [36]. The complex flow structure interactions in turbulent jet

flows make accurate predictions difficult and therefore multiple aspects of turbulent jet

flow continue to be unexplored.

Tollmien [54] had provided one of the first theoretical descriptions of the flow phe-

nomenon based on the mixing-length theory of Prandtl. Three major domains were

identified in the flow field of a turbulent jet namely the near-field, the intermediate or

transition-field and the far-field. The flow characteristics of the turbulent jet matches

the inlet conditions in the near-field. The jet dynamics start to appear in the near-field,

undergoes transformation in the transition-field and reaches a self-similar state in the

far-field [30, 21]. The jet flow domain can be also divided into a developing portion and a

fully developed portion. The developing portion comprises of both the near-field and the

intermediate-field. The developed portion comprises of the far-field. The flow dynamics

in the developing portion is important in many practical applications of a jet flow where

the inlet conditions can affect the heat, mass and momentum transfer.

It is observed that the momentum fields of both buoyant and same density jets have

a significant relation with the Reynolds number [17]. As in the case of a buoyant jet,

when a jet enters a medium of lighter fluid with gravity in the direction of the flow, the

velocity at the inlet is higher than the case of a jet entering a medium of same fluid. At

the beginning of the jet flow from the orifice, an unstable laminar shear layer is produced

by the flow. The sudden growth of this shear layers initiates turbulence and creates ring

vortices. These vortices creates further mixing of the jet fluid with the ambient fluid [12].

These vortices induce motion in the fluid and these motions influence other vortices in

its field of influence which results in the pairing off of adjacent vortices [22, 56]. It is

also identified that the important reason for initial dilution of the jet is the production

of these vortices [36].
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Figure 1.1: Schematic diagram of a free turbulent round jet (image courtesy: Ruud
Weersink [48])

McNaughton and Sinclair [38] had identified a semi-turbulent region of jet near the

inlet before the jet becomes fully turbulent. This region, known as the “laminar length”

has a length which depends on the inlet Reynolds number.

The large gradient in velocity in the lateral direction of the turbulent jet causes the

formation of large eddies from the pairing-up of vortex cores at the shear layers, which

later cascades down to smaller scales. It should be noted that for higher thickness of the

initial shear layer, the vortex formation is weaker [2].

George and Davidson [25] had observed that the mean velocity profiles when normal-

ized with appropriate velocity and length scales collapse to a single curve, in the case of

simple, free shear flows. Even though they had stated that “One of the most persistent

ideas of turbulence research is that turbulence forgets its initial conditions”, they had

added that the collapse of data does not necessarily convey that the flow is independent

from the initial conditions but on the dependence of normalizing scales with the stream-

wise dimension, which varies with experiments. Reungoat et al. [44] states that the axial

velocity profiles of the jet become self-similar in the fully turbulent region.

Turbulent jets are expected to show self-similar velocity profiles from an axial distance

of 5D from the inlet. There will be both large and small scale structures associated

with the jet. The large scale structures were predominant till an axial distance of 10D

according to the works of Dimotakis [16]. The region outside an axial distance of 10D is

considered as the self-similar far-field domain of the turbulent jet.
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For a non-buoyant jet, the jet is laminar for Re < 30 (dissipated laminar jet), the

jet has a “laminar length” and becomes turbulent downstream for Re > 500 and the

jet becomes turbulent from the near-field and spreads at a constant rate for Re > 2000

[33]. The laminar length is smaller for higher Reynolds numbers. With the decrease in

Reynolds number, the centreline velocity also decreases. The rate of radial spread of

a circular jet decreases continuously with Reynolds number [43]. The studies of Ricou

and Spalding [45] showed that the entrainment by a turbulent jet becomes constant after

Reynolds number increases above 20000.

The continuous entrainment caused by the turbulent buoyant jet adds more mass into

the flow and gain momentum in the downstream flow [36]. There would be a reduction in

the axial velocity and core concentration of the jet due to entrainment from the surround-

ings. Boundary conditions like presence of lateral enclosures, walls and the characteristics

of the surrounding fluid domain such as large-scale motions and background turbulence,

decide the further development of the jet downstream.

The pattern of mixing in the near-field of buoyant jet or non-buoyant jet is extremely

complex [5]. Dimotakis [16] divides mixing into three categories - Level 1, 2 and 3. In

Level-1 mixing, mixing is passive and does not affect the flow dynamics. In Level-2,

mixing influences the flow dynamics but not effectively control it. In Level-3, mixing

causes changes to the fluid properties like concentration, density or change in enthalpy

or pressure. Buoyancy driven flows of miscible fluids falls in Level-2 and Level-3.

There can be two types of mixing pairs due to a miscible, buoyant jet in fluid - lighter

jet being injected to a heavier fluid and a heavier jet injected to a lighter fluid. The mixing

due to a lighter jet from the floor, in a heavier medium was observed to be higher than the

mixing due to a heavier jet from the floor, in a lighter medium as the buoyancy favours

deeper penetration into the medium. The deceleration in the axial direction observed in

a lighter jet injected to a heavy fluid is greater than the deceleration in the axial direction

observed in a heavier jet injected to a light fluid. The higher momentum of the heavier

jet also favours lesser deceleration [51]. Therefore while using salt-bath technique for

modelling smoke-air pair caused by fire from the floor of a room, the heavier jet must

be injected from the top in salt-bath so as to replicate the mixing pattern caused by

buoyancy. Certain studies of Gartrell shows that most of the turbulent mixing will stop

once the jet start spreading sideways after reaching the neutral stability layers within the

density stratified domain [23].

The presence of buoyancy can significantly influence the mass transportation in the

flow. It can cause overestimation of thermal stratification in the present turbulent mo-

mentum flux models. It also leads to underestimation of turbulent mixing in these models
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[42]. The sub-grid scale models that assume local isotropy can fail to deliver consistent

solutions. The available literature about the behaviour of jet turbulence when the jet en-

ters a density stratified environment. There are chances that the buoyancy acts against

the turbulent kinetic energy and breaks the self-similarity pattern [36].

Anisotropy in Turbulence arises when the time scale of straining motion is significantly

different from the time scale for return to isotropy. Structural anisotropy occurs in

turbulent flows due to the mean flow gradient if present. The large eddies would be

stretched and oriented by the mean flow gradient. Since the large eddies contain most

of the energy, the mean flow causes anisotropy in the velocity fluctuations by increasing

the velocity fluctuations in certain directions and decreasing in the other directions. The

spectrum of length and time scales of fluctuations were centred on the local large-scale

length and time of flow [13]. Most of these ideas from momentum-driven turbulent jet

can also be applied to buoyant turbulent jet [40], [41].

The complexity of the flow case demands high resolution, non-intrusive data record-

ing methods. Resolving directional ambiguity using the conventional flow measurement

method of hot wire is nearly impossible as it underestimates fluctuations in velocity and

over estimates the mean velocity of the flow [36]. In the case of a fire, higher temperature

at the source would make the smoke lighter and enhances mixing thereby reducing the

evacuation time window.

1.4 Flow description

In natural convection caused by a temperature gradient, the lighter fluid moves upwards,

mixes with the ambient fluid, becomes heavier and settles down, leading to a steady state

after some time. Similar pattern is observed in the case of natural convection caused

by concentration gradient also, leading to stratification. If there is a steady source of

buoyancy, there will be a continuous change of concentration inside the confinement,

either increase or decrease depending on the type of source, throughout the duration of

the flow.

Natural convection problems of large physical dimensions like fire or gas leakage in a

building are difficult to perform in typical laboratory conditions. It would be convenient

if the experimental set up can be scaled down to fit laboratory conditions. The flow

dynamics depends mainly on the inlet Reynolds number for jet flows inside confinement,

which means flows happening in different physical dimensions with the same Reynolds

number are similar.

8 Chapter 1 EMU JNCASR



Unsteady, Confined, Buoyant Jets

In the case of natural ventilation in buildings, the flow of air-smoke pair in a room can

be replaced with flow in a scaled experimental set up with same Reynolds number, using

water-salt solution pair (salt-bath technique). Salt-bath technique is found to have good

agreement with mathematical models in ventilation flows [35]. The salt-bath technique

provides the required difference in density but does not consider the effects of thermal

radiation and diffusion. The The higher density of water compared to air will help in

scaling the experimental set-up to laboratory conditions. The flow configuration can be

even inverted as Boussinesq flows appear similar when viewed upside-down when the

fluids are interchanged.

Equating the mass flux of air in a building to a scaled set up with water, where ψ is

the geometric scale factor

ρaV ola = ρwV olw = ρwV olaψ
3 (1.1)

ψ = (
ρa
ρw

)1/3 = 0.106. (1.2)

where ρa is the density of air, V ola is the volume of the room, ρw is the density of

water and V olw is the volume of the scaled confinement.

When a fluid in motion enters a quiescent body of the same fluid, a velocity shear

is created between the entering and ambient fluids, causing the formation of eddies that

lead to turbulence and mixing. Since the pattern of a turbulent flow largely depends on

the geometry of the flow domain and on the type of forces acting on the fluid, there can

be a wide variety of flow conditions where each case require specific investigation.

Analogous to the case of a fire happening in a room with roof or wall openings,

experiments need to be done on confined space where a lighter fluid enters a heavier

fluid domain, mixes and flows out through the flow exits. Starting from a simple case,

the source of constant buoyancy can be modelled as a plume or buoyant jet fed from

a constant flow rate source. Experiments with buoyant jet help in understanding the

pattern of mixing in confinement due to turbulence.

The room or building in the problem can be experimentally modelled as a box of

scaled dimensions. Two important parts of the problem are 1.The flow characteristics of

the incoming buoyant jet and the pattern of mixing and 2.The buoyancy driven convec-

tion from the confinement to the ambient through the flow exits. The buoyancy driven

convection is slower than the flow caused by the buoyant jet. The study primarily focusses

on the flow pattern of a buoyant jet in confinement.
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1.4.1 Boussinesq approximation

In a system of incompressible fluids with small density difference, the non-linearity of

the Navier-Stokes equations can be removed if variations in density are neglected in

the inertial terms and continuity equation. But even small variations in density can

influence buoyancy because of gravity. Therefore the actual density is retained with the

buoyancy term in the equation of motion in the vertical direction. This approach is called

Boussinesq Approximation.

Navier-Stokes equation

ρ[
∂(uj)

∂t
+
∂[uiuj]

∂xj
] = − ∂p

∂xj
+
∂τij
∂xi

+ ρfj (1.3)

Hydrostatic balance
dp̄

dxj
= ρ̄gj; gj = fj (1.4)

Expanding the Navier-Stokes equation considering the density variation,

(ρ̄+ ρ′)
∂[uiuj]

∂xj
= − ∂p

′

∂xj
+ [− ∂p̄

∂xj
+ ρ̄gj] + ρ′gj +

∂τij
∂xi

(1.5)

Physically the approximation means that the flow field is not affected by the small

variations in density except that they give rise to buoyancy forces. The approximation

is valid when the dimensionless density difference ∆ρ/ρ is less than unity. Thus the

modified equations of motion becomes

ρ̄
∂[uiuj]

∂xj
= − ∂p

′

∂xj
+ ρ′gj +

∂τij
∂xi

(1.6)

The magnitude of buoyancy force is the weight of the fluid displaced.

1.4.2 Diffusion

Diffusion is the net transport of species due to a gradient in concentration, from higher

concentration to lower concentration. In fluid flow and mixing, two types of diffusion

are present: molecular and turbulent diffusions. Molecular diffusion involves motion

of molecules and hence is a slow process compared to turbulent diffusion. Turbulent

diffusion on the other hand refers to the transport of mass, energy or momentum by

turbulent motions. Turbulent diffusion is a quicker process than molecular diffusion and

thus plays a huge role in environmental flows and mixing. Unlike laminar flows, turbulent

flows comprise of eddies with wide range of length scales. The spread of contaminants in

the flow will be affected by these eddies.
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The eddies smaller than the fluid parcel distort the parcel causing sharp gradients

in concentration and the eddies larger than the parcel transport the whole parcel with

less mixing. The sharp gradients in concentration due the parcel distortions will be

smoothened by molecular diffusion. Therefore turbulent diffusion plays a vital role in

large scale mixing processes. In the case of a fire or a gas leakage in a room, turbulent

diffusion mixes these contaminants in the room which reduces the oxygen content in the

room and the time window for evacuation.

1.4.3 Flow parameters

Inlet Reynolds number (Re) : Reynolds number at the inlet is used to classify various

jet flow cases. The diameter of the inlet nozzle is taken as the characteristic length scale of

the jet flow and the velocity from average flow rate is taken as the characteristic velocity

of the flow to calculate Re.

Re =
ρVoD

µ
(1.7)

where ρ is the density of the fluid, Vo is the mean velocity of the flow at inlet, D is

the diameter of the inlet and µ is the dynamic viscosity of the fluid.

Size of test volume: The experiments were conducted to study the case of a room

with a local fire. The buoyancy flux (strength of buoyancy) was taken as the basis of

scaling. The average source temperature of fire was taken as 1000oC and the ambient

was assumed to be at 20oC. Equating the buoyancy flux of real scenario and scaled case

with a uniform scaling factor, z,

z = [(
∆ρ

ρ
)air.(

ρ

∆ρ
)water]

1/3 (1.8)

where ρ denotes the reference density of the fluid and ∆ρ denotes the difference in

density of the incoming fluid from the reference density.

Time scale for averaging: Turbulent flows happen over a wide range of length

and time scales. The largest length scales (size of eddies) may go upto the size of the

physical constraints. These large scale (L) eddies are responsible for the bulk transport

of the species concentration in the experiments conducted. The size of smaller scales are

dependent on viscosity. In the experiments conducted, the mixing caused by the large

eddies were greater than the mixing in small scales. The time scale associated with eddies

of size l can be estimated as

Eddy turnover time, tl ≈
l

Ul
(1.9)
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where l is the diameter of the eddy and Ul is the characteristic velocity of the eddy (rms

velocity). The transfer of energy from larger to smaller length scales also happen at this

time scale. The mixing becomes complete with the diffusion in the smaller length scales.

Diffusion effectively acts over a scalar field at the smaller length scales and homogenizes

the scalar field. The smallest length scale of the scalar field at which the homogenization

happens is smaller than Kolmogorov scales, it is called Batchelor’s scale, or Obukov-

Corrsin scale. The mixing also depends on the difference in scales between the smallest

and Kolmogorov length scales which in turn depends on the kinematic viscosity and

molecular diffusivity [52].

1.4.4 Entrainment

When a turbulent jet enters a fluid medium, the sharp velocity gradients due to the

relative motion between the layers cause flow instabilities at the flow boundaries. This

instabilities lead to mixing of the jet fluid with the ambient fluid. This phenomenon is

known as turbulent entrainment. The strength of turbulent entrainment depends on the

relative velocity between the flow and surrounding fluid.

Taylor’s entrainment relationship postulates that the mean inflow velocity across the

boundary [39] of a free turbulent shear flow is proportional to a characteristic velocity of

the flow, generally taken as the time-averaged maximum mean centreline velocity (V̂av).

Entrainment causes vigorous mixing and the jet flow gets diluted along the axial dimen-

sion. As mentioned above, this entrainment velocity (Vx) was assumed to be proportional

to the mean centreline velocity (Vy) and it can be denoted as

Vx = αVy (1.10)

where α is the coefficient of entrainment. The rate of entrainment into the plume

is proportional to the local velocity [39]. The entrainment coefficient varies with the

local Richardson number [31]. Entrainment coefficient is approximately about 0.08 for

a vertical jet and 0.12 for a vertical, buoyant plume. Larger value of the entrainment

coefficient corresponds to higher mixing of the ambient fluid with the jet. Even though

laminar and turbulent jets cause entrainment, the entrainment mechanism is different for

both. Entrainment in a laminar jet happens due to diffusion of vorticity.
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1.5 Outline of the research report

The study attempts to explore the topic of fire safety and gas leakages in confined space

through experiments on scaled models. Experiment methods were devised for the study

and the tools were optimized. The experiments study basic room geometries. Focus was

made on identifying key parameters that decide the overall flow dynamics. The details

about the experiment set-up, instruments and materials, procedures, selection of param-

eters, calibrations, methods used in measurements, types of experiments and corrections

applied are discussed in Chapter 2. Chapter 3 discusses about the flow dynamics. The

types of analysis, trends in jet velocities etc are described in this section. The section

compares the flow patterns in side and bottom opening configurations. Chapter 4 presents

the detailed analysis of entrainment and mixing in different experiments. Analysis, con-

clusion and future works are discussed in Chapter 5. Information about previous works

in the sub topics is provided in each chapter also. The present study discusses about

turbulent jet cases only and therefore the term ’jet’ means turbulent jet unless otherwise

specified and Reynolds number means inlet Reynolds number.
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Chapter 2

Experiments

2.1 Motivation and design

The design of the experiment set up was based on the realistic fire conditions in both

household and industrial environments. While households have rooms with smaller height

(Y) and smaller sized fire sources (D), the industries have comparatively taller rooms (Y)

with larger, stronger sources of fire or gas leakages (D). In either cases, compared to the

size of the fire source, most of the flow domain would be in the near-field of the turbulent

jet (0 ≤ Y/D ≤ 15). Therefore it is important to study the flow and mixing pattern

associated with turbulent jet flows in a confinement located at the near-field of the jet.

Figure 2.1: Schematic of wall and roof opening (image courtesy: P.F Linden [34])

Salt-bath method method was selected to bring down the physical dimensions of the

experiment set up to laboratory conditions. Unlike the case of air, salt-bath method

require flow outlets along with sources/flow inlets owing to the incompressibility of the

fluid. Two simple cases of flow outlets used in building architecture were selected for the

experiment cases namely 1. wall opening and 2. floor opening. For simplicity, the outlets

were required to be placed away from the jet axis to reduce the direct interference with

the jet flow regime. They also need to be placed away from the walls for the same reason.

15
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In order to replicate the upward flow of smoke aided by buoyancy with a denser jet,

the jet flow had to be inverted in salt-bath method. The confinement had to be placed

in a fluid domain of larger size with the same ambient fluid to replicate the atmosphere

and interaction through the opening on the confinement.

Trial experiments using dye visualisation were conducted to refine the design of the

experimental set up. These tests had ensured that the dimensions of the set up would

allow the experiments to run for sufficient time to obtain meaningful data. They also en-

sured/verified sufficient laser illumination, PIV particle concentration, photo-stability of

the dye, position of cameras, laser and optics, standard operating procedures for running

experiment consistently, laser and chemical safety and various calibrations.

2.2 Experimental set-up

The study of buoyant jet in confined space to understand local fires and gas leakages,

was conducted in an inverted model with salt solution-water fluid pair replacing smoke-

air fluid pair, with denser, salt solution as the incoming fluid. The test set up consists

of a larger, rectangular cuboid shaped glass tank filled with water, which resembles the

ambient atmosphere and a smaller, square cuboid shaped acrylic box with openings,

immersed in the large tank and filled with water, that replicates a room. Since the

heavier salt solution was selected as the incoming fluid that enters the confinement from

the top, the square cuboid shaped small box was suspended from the top with its top

surface 3cm below the free surface of water inside the large tank (Fig. 2.2) with its

horizontal walls parallel to the free surface of water in the large tank.

The inside dimensions of the large tank are 36.5cm x 40.7cm x 61.5cm. It has an open

top and provisions to suspend the small box. The small box has inner dimensions 14cm

x 14cm x 21.2cm and has openings at different locations. The volume of the small box is

approximately 4.2 litres. The salt solution would be injected from an 8mm circular inlet

at the top rectangular surface of the small box.

Two types of small boxes were fabricated for the experiments based on the geometry

of the flow exit - one with a 30mm circular opening on the centroid of the square side wall

away from the inlet and another one with a 30mm circular opening on the rectangular

bottom surface (Fig. 2.5), along the longest centreline, placed evenly between the centroid

and the edge away from inlet. Comparing the inlet diameter with the jet axial length

scale, it can be observed that the confinement in the axial direction is located at 17D

from the inlet and it restricts the jet flow within the near-field (D is the inlet diameter).
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Figure 2.2: Photograph of the Experimental Set up. The rectangular cuboid shaped
large tank and the square cuboid shaped small tank suspended from the top are shown.
The large tank is mounted on a height adjustable platform aligned with the laser sheet.
All faces of the large tank except the ones for laser and image capturing are covered by
opaque, non-reflecting coatings.

Trial experiments were conducted on the test set up to understand the flow pattern

and synchronize the instruments. After running multiple flow visualization experiments,

salt solution with a density difference of 5kg/m3 from water was selected as the incom-

ing fluid for all experiments based on the Boussinesq approximation and the window of

recording of the transient flow. The salt solution was fed from a constant flow rate source.

Experiments were conducted at a room temperature of 20oC. The large tank was filled

with 72 litres of water. The fluids were then prepared for PIV and PLIF which will be

explained in subsequent sections. The salt solution was stored in an overhead tank which

is connected to the small box suspended inside the large tank through a flexible pipe

without air bubbles.

The salt solution was made to flow from an overhead tank placed at a constant height

to the small box through the inlet at the top of the small box and allowed to interact with

ambient fluid in the large tank through the side or bottom wall openings of the small

box. The experiments were conducted for three cases of inlet flow based on inlet Reynolds

number – (i) Re = 1500, (ii) Re = 2600 and (iii) Re = 3700. The inlet Reynolds number

was changed by adjusting the flow rate from the overhead tank.

The salt solution comes from a single homogeneous source with constant density

placed at a fixed height. There would be a decrease in the incoming mass flux due to

the reduction in 1. density difference due to mixing and 2. net elevation head when the
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water level rises in the large tank.

Figure 2.3: Small box with the frame used to suspend it inside the large tank

2.2.1 Openings in the cuboidal confinement

Position of the opening in the small box to the ambient plays an important role in the

type of fluid interactions. There are two configurations used in the small box - bottom

wall openings and side wall openings. Different types of flow patterns were observed for

bottom wall and side wall openings for cases where the axial confinement was kept at

the far-field of the jet (axial distance y > 40D where D is the inlet diameter). Since

the experiments conducted in this project work have confinement in the axial direction

(near-field) (y < 17D), deviation from stable stratification patterns observed in a far-field

confinement could be expected.

(a) Box with side opening (b) Box with bottom opening

Figure 2.4: Positions of flow inlet and exit used in the experiments. The figure represents
the region of interest and the inner box is represented by yellow lines. The flow inlet and
outlet are denoted by arrows. The image covers a physical area of size 480mm x 280mm
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Figure 2.5: Position and dimensions of small box openings - One box has a side opening
of 30mm diameter whereas the second one has a bottom opening of 30mm diameter. The
openings on walls are centred at the centreline along the longest dimension of the walls.
The inlet and bottom outlet are placed at 25% of the length near to the vertical wall so
that they are equally spaced from the central plane and side wall

Figure 2.6: Dimensions of the small box
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2.3 Particle Image Velocimetry (PIV)

2.3.1 Principle and components

Particle Image Velocimetry (PIV) is a optical flow diagnosis technique to obtain the

velocity field of a flow. The flow was seeded with micro particles and illuminated by a

laser. The seeding particles move with the flow and scatter the light from the laser. The

photographs of their motion can be used to extract the 2D flow velocity field . 2D PIV

was used in the experiments where a plane in the flow is illuminated by a pulse laser and

images were captured. Images were recorded as pairs at 10Hz frequency and analysed

to obtain velocity vectors. Considering the total flow picture, there is a time scale (tp1)

below which the suspended particles move only a negligible distance.

The suspended particles were assumed to follow the instantaneous, straight line, in

plane, flow packet velocity above this time scale till the next time scale tp2. Above tp2,

the particles starts moving in 3D space and moves out of the illuminated plane. Image

pairs taken within these time scales will show the displacement of fluid packet through

particle tracking. Large time scales also cause large scale motions that affect the post

processing of PIV data.

PIV requires a high intensity light source like a pulse laser, suitable lenses to make a

sheet of light of thickness approximately 1mm, neutrally buoyant particles of appropriate

size, uniform seeding, refractive index matching, cameras synchronized with laser pulses

and a post processing program. The scattering caused by the seeding particles fall under

Mie scattering since size of the particles are comparable to the wavelength of laser.

2.3.2 Post processing

The captured digital images are divided into interrogation windows. The size of these

windows could be minimized up to a level where they contain at least four seeding par-

ticles per window. Within an image pair, each window was compared with the adjacent

windows in the next image to find the displacement of the seeding particles. The in-

terrogation window from first image will be overlapped at a specific percentage in the

neighbourhood of the corresponding window of the second image in the image pair to

identify the displacement. An image cross correlation is used to find the best match in

shift of windows among image pairs. The net displacement, taken as an average of vectors

in an interrogation window, is divided by the time period between image pairs to get the

average velocity of the fluid packet in the interrogation window.

When an image pair is fed into the code, it outputs a velocity field of fluid parcels
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where its size depends on the size and overlap of interrogation windows. Thus, there is a

reduction of resolution between the image and the output vector field. In the experiments

conducted, interrogation window size of 16x16 pixels and an overlap of 50% was selected

to obtain best results. The smallest window size with the required number of particles

and an overlap area that completely covers the net displacement is preferred. Dantec

Dynamic Studio was used to analyse the PIV data.

2.3.3 Errors in measurement

At the edges of images or at walls, there are no interrogation windows on one side which

cause errors in the calculation. Outlier detector code was used to detect error vectors

and remove them. Non-uniform seeding and out-of-plane motions create errors with

the velocity vectors. The PIV system cannot capture the instantaneous velocity field of

the flow. Instead it gives an average velocity vector from each interrogation window .

Refractive index matching between the two fluids is also important for capturing clear

images. PIV signals are prone to errors from uncertainties due to the drag on seeding

particles, processing of vectors and SNR [50]. All these effects combine to bring a net

uncertainity of less than 5% in the velocity fields obtained from PIV measurements.

For any measurable quantity χ, the measured value would deviate from the true value

by a small quantity. The measured values can be expressed as the sum of actual value

and error.

χmeasured = χtrue + Error (2.1)

Error = systematic error + random error (2.2)

The systematic error is difficult to quantify but is a constant for the system. The

random error (ε) fluctuates continuously, following a normal distribution around a zero

mean and standard deviation σ. PIV and PLIF has high SNR and they can be considered

almost bias free. Errors on the horizontal displacement U and vertical displacement V are

independent and both are normal distributed with zero mean and identical standard de-

viations σu = σv. The system has 95% confidence that the measured U or V displacement

or velocity deviates at most 1.96σ from the true value [15].
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Figure 2.7: The pattern of the error distribution. Each of the small red circles represent
the error of a specific vector with signed errors εu and εv on the displacement components
and positive radial error εr.

2.4 Planar Laser Induced Fluorescence (PLIF)

2.4.1 Principle and components

Planar Laser Induced Fluorescence (PLIF) is an optical flow diagnosis technique to obtain

the concentration field at a plane of flow by recording and analysing high speed images

of an illuminated plane in a flow, seeded with a fluorescent dye, which was excited by

the pulse laser. Rhodamine 6G fluorescent dye was selected because of its high stability

against photo-bleaching and consistent fluorescent spectrum. The concentration of the

dye needs to be low so as to obtain linear relation between fluorescence and concentration.

Initially the ambient fluid domain would be seeded with lower quantity of dye so as

to provide a background illumination. The incoming fluid had a higher concentration of
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the dye so as to appear different from the ambient fluid domain. The fluorescent dye

would absorb the light energy, and after a short time period, in the order of nanoseconds,

release the light energy at a wavelength higher than the excitation wavelength.

The pattern of mixing and concentration of components can be observed from the

variation of intensity of fluorescence from the dye solution. Fluorescence needs to be

separated from the laser light while recording. Suitable optical filters were attached with

the cameras to avoid laser illumination. To calibrate the light signal during the flow, two

extra data sets were recorded to find the equation of the linear relation between intensity

and concentration.

Figure 2.8: The pattern of fluorescence intensity exhibited by R6G dye at weak concen-
tration. The zero concentration point and a known concentration (C1) is used to get the
unknown concentration value (C2) within the linear intensity-concentration limit C.

The images were captured from two known concentrations, preferably from a zero

concentration time instance (no fluorescent dye mixed) and the background concentration

of the ambient flow domain. The high intensity from the pulse laser improves the signal

to noise ratio and the short pulse duration improves the temporal resolution. PLIF can

be run in synchronization with PIV as these methods do not interfere each others signal.

2.4.2 Post processing

A lower limit and upper limit for the concentration of fluorescent dye were selected and

then the fluorescence intensity values were calibrated. Since the intensity of fluorescence

follows a linear pattern within this concentration limit, the variations in concentration

within this limit can be calculated. 12bit images are captured for PLIF compared to 8bit

for PIV so as to get 212 levels of intensity. The intensity values are then converted to

concentration. Digital filters were used to reduce noise and improve the signal quality.

Unlike PIV there is no reduction in resolution for the output from PLIF post processing.

2.4.3 Errors in measurement

Refractive index matching is crucial for the success of PLIF. Mismatches in refractive

index leads to formation of bands and affects the intensity levels. Concentration of dye
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must be low enough to be in the linear range. Calibration of laser beam is required to

improve the results. The primary error comes from the camera sensor but since the PLIF

system has high SNR, the magnitude of signal is considerably higher than the magnitudes

of error. The PLIF calibration based on known concentration also ensures the reliability

of the data. The details of calibrations are discussed in further sections.

2.5 Instruments

2.5.1 Laser and associated optics

The intensity of illumination is an important factor in deciding the quality of acquired

signal in PIV and PLIF. Pulse lasers have higher intensity than continuous wave lasers and

are ideal for PIV and PLIF. Pulse lasers use a technique called Q-switching to generate

high intensity short duration pulses of peak power in megawatts which is significantly

higher than a beam produced by the same laser in a continuous wave mode. A frequency

doubled, Nd-YAG pulsed laser (λ = 532nm) with an output of 200mJ/pulse was used to

illuminate a plane in the flow in all experiments.

A combination of spherical and cylindrical lenses were used to make the laser sheet of

approximately 1mm thickness. The peak intensity of the laser beam follows a Gaussian

distribution with respect to time. Rhodamine 6G was selected for PLIF experiments as

it exhibits fluorescence of 566nm at an absorption wavelength of 532nm.

Dye visualization experiments were conducted for laser calibration and locations were

identified on the illuminated plane of the ambient fluid where the fluorescent dye con-

centration is negligible throughout the duration of the experiment. Since fluorescence in

the experiments is caused only due to the presence of the fluorescent dye, these areas

were used to set a reference intensity to analyse the variation of laser beam intensity with

respect to time.

The laser was used to fire pulse pairs at a frequency of 10Hz. The 532nm light from

the laser was scattered by the PIV particles whereas the fluorescent dye used for PLIF

absorbs it and exhibits fluorescence at 566nm thus providing output in two different

bands of wavelength. Since the intensity of light from the pulse laser (≈ 108W )is higher

than the possible noise levels from scattering and camera sensors, PIV and PLIF methods

have high Signal-to-noise ratio and provide high resolution data.
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Figure 2.9: Pulse laser and optics used for generating laser sheet. 1. Laser, 2. Triangular
prism, 3. Diverging lens, 4. Converging lens, 5. Cylindrical lens. The laser beam from
the source was deflected 90o horizontally by a prism, sent through a pair of diverging-
converging lenses and finally converted into a triangular sheet by a cylindrical lens.

2.5.2 Cameras, lenses and filters

Two identical Phantom Speedsense 9040 CMOS high speed cameras were used for cap-

turing images - one for PIV, with a 550nm low-pass optical filter to record images in

scattered light and another for PLIF, with a 550nm high-pass filter to record images in

fluorescence light. Thus the PIV particles would not appear in PLIF images and the

PLIF dye would not over-illuminate the particles. Nikkor 17-35mm lenses at F2.8 aper-

ture were used on both cameras for capturing the images. The walls of the large tank in

the background were covered to avoid stray reflections. The position and alignment of

the laser, lenses, tanks and camera were verified before each experiment.

A calibration plate with a printed grid was used to correct the distortions in captured

images. The concentration of dye and the concentration of PIV seeding particle were

verified to provide quality signal output. The aperture of camera lenses, the position of

lenses for laser beam were adjusted to optimize the signal quality. The PIV images were

stored as 8 bit images and PLIF images as 12 bit images. Therefore the duration of one

set of continuous readings depend on the maximum number of 12 bit (PLIF) images that

can be stored in one of the two identical cameras.

The cameras have storage space for 512 image pairs of 12 bit format. With a laser pulse

pair firing frequency of 10Hz, one set of continuous readings can last upto 51 seconds.

Based on these factors, one set of continuous image recording time was restricted to 50s

at a pulse pair firing frequency of 10Hz. The time gap between two sets of continuous

image recording (4 mins) was decided based on the data transfer speed between cameras

and the data acquisition computer.
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Figure 2.10: Position of cameras. Left : PIV Camera. Right: PLIF Camera

2.5.3 Synchronization

The cameras and laser were synchronized using a National Instruments NI-PCI 6602

timer board. Dantec Dynamics DynamicStudio 5.1 software was used to manage the

data acquisition and process the PIV data. Synchronization of cameras with laser was

verified separately for PIV and PLIF and then both cameras were synchronized with the

laser so as to get simultaneous velocity and concentration data. The PLIF camera also

captured image pairs like the PIV camera but only the first image from each pair was

taken for PLIF data processing. The synchronization of laser and cameras were verified by

emitting laser pulses at a narrow time window and recording the images with the cameras

. The data transfer time for synchronized experiments were checked for consistency to

finalize the experiment procedure.

Figure 2.11: Schematic of the instrumentation and the flow of control and data
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2.5.4 PIV particles

Neutrally Buoyant seeding particles in sufficient number density per unit volume are

required for PIV experiments to obtain quality signal for image processing. LaVision 55

micron poly amid seeding particles with relative density 1.1g/cc and Dantec Dynamics

50 micron poly amid seeding particles with relative density 1.03g/cc were used separately

as tracer particles. Lesser concentration of particles cause reduction in the number of

tracable pathlines and reduces the quality of the signal. Excess quantity of tracers if

used makes more light scattered thus reducing the share for fluorescence and can affect

the PLIF readings. Higher concentration also lead to accumulation of particles and gives

wrong velocity vectors.

Soap was used in small amounts to prevent the agglomeration of PIV particles while

mixing. The ambient fluid domain (water) and the incoming salt solution were seeded

with PIV particles at the same concentration. The experiments were conducted within

the timescale where the particles stay neutrally buoyant. The particles start settling

upwards or downwards at larger timescales.

2.5.5 Rhodamine dye

Rhodamine 6G is an organic fluorescent dye used as a tracer in aqueous solutions to

determine the rate of transport and mixing of components in a flow. Rhodamine 6G is

pumped by second harmonic (532nm) from an Nd-YAG Laser. It displays fluorescence

with the emission peak at 566nm. The dye was selected for its higher photo-stability

(Lifetime = 500Wh), high fluorescence quantum yield (0.95) and absorption peak near

the laser wavelength. The dye solution is prepared by dissolving the highly soluble R6G

chloride (C28H31ClN2O3) in water.
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Figure 2.12: Emission Spectra of Rhodamine 6G
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The incoming salt solution was seeded at four times larger concentration than the

water in the large tank. Unlike PIV where the PIV tracer concentration remain same

throughout the experiment, PLIF tracer concentration varies. In experiments with con-

finements, the fluorescent dye accumulates near inlet after some time and over expose

the images and distort contrast values preventing the capture of flow structures. Thus

PIV experiments can be run for longer timescales than PLIF experiments.Therefore the

PLIF experiment decides the possible duration of synchronized PIV-PLIF experiments.

2.5.6 Constant flow rate mechanism for salt solution and re-

moval of air bubbles

The salt solution was made to flow from an overhead tank to maintain constant flow rate

throughout the duration of the experiment. The height of free surface in the overhead

tank containing the salt solution was maintained by a recirculating circuit with salt

solution, using a set of small tanks and a pump. The overhead tank for salt solution was

connected to another overhead tank with water seeded with PIV and PLIF tracers at

the same concentration with respect to the ambient fluid domain in the large tank. This

tank circulates the ambient fluid through all channels and flush air bubbles out.

2.6 Measurements and calibration

2.6.1 Density difference between fluids

The experiments were performed at dilute concentrations of salt in the salt solution,

within the Boussinesq range (∆ρ
ρ
<< 1). Density difference of 5kg/m3 between water and

salt solution (20oC) was used for the buoyant jet experiments. This value corresponds to

a density ratio of 0.5%

2.6.2 Refractive index matching

Optical flow diagnosis methods like PIV and PLIF of a flow requires fluids of same re-

fractive index interacting, even though their densities are different. Variations in density

of fluids are related to their refractive index. The refractive index of the salt solution

is higher than water. Since water and salt solution are miscible, there will be dynamic

change in refractive index values during the mixing of salt solution and water inside the

small box. The differences in refractive index in a disordered manner, in the path of the

laser beam would deflect the laser beam in different directions and causes variation in

intensities, reducing the quality of the PIV and PLIF signals. Thus it is important to

match the refractive indices of water and the salt solution used in experiments without
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changing the density differences between them for any quantitative analysis. A differ-

ence of 0.0002 in refractive index between the mixing fluids can render the PIV images

unworthy [4].

McDougall [37] was the first to propose an approach to denote refractive index and

density as functions of concentrations of solutes in water, using Taylor series expansion.

Hannoun [26] had proposed the NaCl-ethanol pair for refractive index matching. Addition

of ethanol can increase the refractive index of water depending upon its concentration.

Since ethanol is a lighter fluid, along with the addition of refractive index, it causes a

reduction in density. Therefore instead of having a fluid pair with density difference

caused only by salt, and having different refractive indices, a similar fluid pair can be

made with same density difference, caused by adding lesser salt on one fluid and ethanol

on the other fluid, with same refractive index. Sixteen sample solutions were made at

different concentrations of salt in water and ethanol (ROH) in water, covering the entire

span of density differences required for the experiments and the trend lines were plotted.

The solutions were tested at 20oC and atmospheric pressure.

For the measured values of densities and refractive indices, cubic interpolation equa-

tions were found to provide a smooth fit within the range of values. Calculations were

done to find out the mass of salt and ethanol required to match refractive index for a

specific density difference. The curve fitting equations are

Density of salt solution, ρs = 238.07x3 + 124.22x2 + 706.86x+ 998.53 (2.3)

Refractive Index of salt solution, RIs = 4.5744x3−0.5998x2 +0.1912x+1.3336 (2.4)

Density of ethanol solution, ρa = −71.205y3 + 274.66y2 − 188.24y + 998.46 (2.5)

Refractive index of ethanol solution, RIa = 0.7875y3−0.059y2+0.0642y+1.3336 (2.6)

In above equations, x represents the concentration of salt and y represents the con-

centration of ethanol in mass fraction. The density of salt solution was varied from

1001.31kg/m3 to 1055.42kg/m3 and the density of ethanol solution was varied from

997.72kg/m3 to 983.57kg/m3 – which covers a wide range of density differences ∆ρ ∈
(0, 65) kg/m3 required for the experiments. These four equations were used to find the

mass of salt and ethanol required to match refractive index of two fluids having a speci-

fied density difference ∆ρ. Refractive index matching was done upto four digits after the

decimal point.
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Sample solutions were made from the concentration values obtained from the equa-

tions and, density and refractive index were measured to verify the equations. The density

and refractive index were measured by a Rudolf Analytic density-meter and an Atago

3810 refractometer, respectively, and are found to be matching with above equations.

The least count of (i) the density-meter is 0.01kg/m3 and (ii) refractometer is 0.0001

units.

(a) Salt solution (b) Ethanol solution

Figure 2.13: Density plots of salt solution and ethanol solution for a mass fraction ranging
from 0-0.1. Addition of salt increases the density and addition of ethanol decreases the
density. The change in density is higher for the addition of salt compared to ethanol

(a) Salt solution (b) Ethanol solution

Figure 2.14: Refractive Index plots of salt solution and and ethanol solution for a mass
fraction ranging from 0-0.1. There is a steady increase in the refractive indices in both
cases. The rates of increase in refractive index with respect to mass fraction are compa-
rable for both solutions
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2.6.3 PLIF calibration

The minimum and maximum values for the concentration of Rhodamine dye were selected

to be 15µg/l and 60µg/l. The ambient fluid domain was seeded with the dye to get a

concentration of 15µg/l, for background illumination and the salt solution was seeded to

get a concentration of 60µg/l. Zero concentration of the dye gives zero fluorescence with

laser.

Images of the ambient fluid domain were taken at zero concentration and at a con-

centration of 15µg/l. With these two values, the slope of the intensity Vs Concentration

line was obtained. Once the linear equation was obtained, any intermediate value of

fluorescence intensity between the maximum and minimum concentrations used in the

experiment could be computed. The laboratory temperature was maintained at 20oC

throughout the experiment so as to get consistent intensity from both the fluorescent dye

and the pulse laser.

2.6.4 Laser and image intensity correction

The pulse laser was found to have a warm up period for reaching steady intensity levels

for the pulses. Trials were conducted for the duration of actual experiments to check

the pattern of variation of laser pulse intensity. Images were captured at 10Hz for 50s

and intensity variation at various regions of the image were found out. It was observed

that the laser intensity variations get limited to less than 5% after 5s from the first

pulse. Therefore only the images after first 5s were used for calculations. The difference

in intensity between pulses and unevenness in intensity in the vertical dimensions were

corrected using a cubic interpolation filter.

2.6.5 Image straightening

Simultaneous capturing of images for PIV and PLIF requires two cameras synchronized

with the laser. To keep both cameras perpendicular to the illuminated plane, the cameras

have to be kept at large distance from the illuminated plane of flow which would result in

the reduction in intensity of images. Hence the cameras were kept at an angle with each

other so as to keep them closer to the illuminated plane. A tilt in camera position affects

the PIV results more than PLIF results as PIV measures a vector field and PLIF measures

a scalar field. Therefore the PIV camera was kept perpendicular to the illuminated plane

and the PLIF camera was kept at an angle (5o). This causes warping of the captured

images. Straightening of images were done to reduce distortions.
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Images of a calibration plate with grid was taken by both cameras. The common

region of interest was identified and images from both the cameras were transformed

and made to overlap on this common region of interest. The image pixel coordinates

were converted to physical units for further calculations. Thus both the PIV and PLIF

cameras take pictures of the same area, within a particular boundary. This helps in

getting simultaneous velocity and concentration fields at any particular point on the

illuminated plane. The straightened images represent a physical area of size 480mm x

280mm.

Figure 2.15: Field of view of camera-1 and camera-2 recording the same domain. The
asymmetry in the lateral direction stretches the vectors generated from particle tracking

Figure 2.16: Warped images captured from PIV and PLIF cameras were straightened
before processing. The results from straightened images were overlapped to find the
simultaneous velocity-density field
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2.6.6 Selection of time interval for PIV

The laser and the cameras were synchronized to fire and capture image pairs. The time

between these images in a pair or the time between pulses (∆t) is an important parameter

for PIV. The value of ∆t should be sufficiently long to see the motion of the fluid but

should be short enough that the tracer particles do not cross the interrogation window or

the plane of illumination. Trials were conducted to find the optimum (∆t) for different

flow rates. Lower values of (∆t) are used for high Reynolds number flows. The PIV

image pair time interval depends on the flow rate as well as density of the salt solution in

the set of experiments conducted. The values of ∆t for different inlet Reynolds number

are given in table 2.1.

2.6.7 Coordinate systems

Two Coordinate systems were used in plotting. The overall flow characteristics were

plotted using the XY coordinate system with origin O, at the top left corner of the

image. The jet flow characteristics were plotted using X̃Ỹ coordinate system with origin,

Õ below the flow inlet, the axes X̃ and Ỹ parallel to X. The Ỹ axis is aligned with the

jet centreline.

Figure 2.17: The adopted XY coordinate system has the positive Z axis into the plane
of the paper. The positive Y axis is vertically downwards and the positive X axis is anti
parallel to the laser beam.

2.6.8 Inlet Reynolds number

The present experiments study about a turbulent jet in a near-field confinement. In the

near-field, it is assumed that the turbulent jet retains many of its inlet characteristics.

Inlet Reynolds number is an important parameter that helps to describe the inlet flow

conditions. In the experiments conducted, salt solution was introduced to the confinement

as a buoyant jet at three different flow rates for different experiments, from three different

elevation of the overhead salt solution tank. Reynolds number of the flow based on
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the inlet parameters was calculated to differentiate the flows. It should be noted that

the flow velocity at the inlet decreases with time (less than 10%) and thus the mean

Reynolds number may not convey information about instantaneous flow characteristics

but it explains the overall volume transport or roughly, the strength of the source of

buoyant fluid. The mean elevation head, density of the incoming fluid, inlet-diameter

and dynamic viscosity of the incoming fluid are required to determine inlet Reynolds

number.

Inlet Reynolds Number, Re =
ρVoD

µ
(2.7)

where ρ is the density of the salt solution measured with density-meter Rudolph

Research Analytical DDM2911, Vo is the mean inflow velocity calculated by measuring

the net flow volume and time of flow, D is the nozzle diameter at inlet and µ is the

dynamic viscosity measured with Rheometer Anton Paar MCR302.

The mean inflow velocity was calculated from the total volume inflow measured over

time. Water level in the large tank was measured before starting the flow and after a time

“t”. Rise in the water level times the base area of the large tank gives the volume added

in time “t”. The mean velocity of inflow was calculated by dividing the volume flow rate

by the inlet cross section area. For the values of height of free surface of salt solution

in the overhead tank of 55mm, 126mm and 216mm from the inlet of the confinement,

the Reynolds numbers at the inlet were approximately 1500, 2600 and 3700 respectively.

These values corresponds to a laminar flow, a transition flow and a turbulent flow. These

values were selected to demonstrate the difference in the jet flow pattern. These elevation

head values would be addressed in subsequent sections as low head or flow rate, medium

head or flow rate or high head or flow rate cases.

2.7 Correlations

Velocity and concentration are coupled quantities in the case of buoyancy driven flows of

miscible fluids. A quantitative way of describing the coupling between certain parameters

is through defining two point correlation functions which is widely used in the field of

natural ventilation. Correlation between velocity and concentration can be checked for

time scales where the flow is quasi-steady. A velocity (V (x, y))-concentration (C(x, y))

correlation function G(x, y) is the correlation of the fluctuation of the velocity and con-

centration from their average values and can be defined as

G(x, y) = 〈(V (x, y)− 〈V (x, y)〉)(C(x, y)− 〈C(x, y)〉)〉 (2.8)

In the case of a perfect direct linear relationship where one value increases with the
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other, the correlation coefficient approaches +1 whereas in the case of a perfect inverse

linear relationship where one value decreases with the increase in the other value, the

correlation coefficient approaches -1 and it is called anticorrelation. For independent

quantities, the correlation coefficient would approach zero.

2.8 List of experiments on confined jets

Each experiment was conducted at a particular mean flow rate of salt solution.

List of types of experiments - Buoyant jet in confinement

Sl.No Exit Geometry
Mean

Flow Rate
(lpm)

∆t(µs)
Density

Difference
(kg/m3)

1 Side
1.265 2000

2 Bottom

3 Side
0.88 5000 5

4 Bottom

5 Side
0.489 10000

6 Bottom

Table 2.1: List of types of experiments conducted on buoyant jet in confinement.
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Chapter 3

Turbulent, Buoyant Jet in Confined

Space: Flow Dynamics

Synchronized PIV-PLIF experiments were conducted on unsteady, confined, vertical, tur-

bulent, buoyant, round jet to understand the evolution of smoke and the pattern of mixing

during fire in a small room. A cuboidal, acrylic box suspended in a water tank was used

as the confinement and a jet of salt solution was fed in to it from its top surface. The

inner dimensions of the cuboidal confinement were 212mm x 140mm x 140mm and the

jet inlet diameter was 8mm. This confined space extends upto 17D from inlet in the

axial direction (140mm ≈ 17D), 7D (55mm) upto one side wall, 9D (70mm) upto two

vertical walls and 20D (157mm) upto the fourth vertical wall, where D is the jet inlet

diameter (Fig. 3.1). The velocity and concentration measurements were made upto an

axial length span of 0− 15D from the inlet, in these experiments, instead of the full span

of 0− 17D from inlet, to avoid errors in PIV measurements caused by rigid walls in the

near-field of the turbulent, buoyant jet.

Figure 3.1: The schematic of the cuboidal confinement with the position of the inlet at
its top surface.
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The unsteady round jet source of salt solution was fed from an overhead tank kept at a

fixed height. The salt solution was made to flow through a flexible pipe of length 2m from

the overhead tank and become a fully developed flow before entering the confinement as a

round jet (laminar length = 0.13m for Re = 3700). The experiments conducted comprised

primarily of two flow domains: the unsteady round jet and the volume around it inside

the confinement. The case of mixing of jet in its near-field during fire emergency is

similar to the case of fuel jets mixing in cylinders in internal combustion engines, but the

confinement geometry changes continuously in these engine combustion chambers unlike

the experiments described in this report.

The jet flow domain is primarily momentum driven and the flow inside the confinement

away from the jet and outflow from the confinement are primarily buoyancy driven. The

time scales are different for the jet of salt solution and the buoyancy driven convection

from the confinement to the ambient flow domain. The buoyancy driven convection

requires more time to reach a steady state by which time the fluorescent dye would fill

the whole confinement, reducing the output signal quality. Thus the jet domain was

studied in detail and the study focusses on the unsteady dynamics and mixing in the

near-field of an unsteady, vertical, turbulent, buoyant, round jet in confinement.

During the experiment, the total fluid level in the large tank had risen and a dif-

ference in concentration had occurred in the confined space. Both these factors reduce

the temporal mean inlet velocity of the jet by decreasing the net elevation head and the

favourable concentration gradient. The data from the PIV analysis showed that there

was a finite reduction in the jet axial velocity along the centreline between the first and

second set of readings taken during the time periods t = 0−50s and t = 240−290s respec-

tively. Further analysis were done on the profiles of temporal jet axial velocity along the

centreline to understand the pattern of development of flow and to check velocity-density

correlations.

The finite reduction in the axial velocity of the jet observed over a longer time period

and the unsteady flow characteristics of the jet make it important to check the time scale

over which the flow may be treated as quasi-steady. Reynolds averaging could be applied

only for turbulent flows that are statistically quasi-steady over the selected time scale

[52]. Since the flow in the jet domain and surrounding space inside the confinement are

dynamically different, they need to be analysed separately.

The denser salt solution would get mixed with the water inside the confinement due

to turbulence and high molecular diffusivity of salt. The turbulent mixing was caused

by jet entrainment, enhanced by confinement in the axial and lateral directions and the

flow exits. The jet entrainment pattern inside confinement needs to be analysed in par-
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ticular. The flow outlets were positioned away from the jet and the flow through the

outlets was slow. The role of flow outlets in the pattern of mixing in the jet domain

was less significant compared to that of entrainment and confinement. In short, in the

experiments conducted, there was a jet flow, eddies caused by jet-wall interactions, out-

ward flow through flow outlets, a slow buoyancy driven convection from the bottom of

the confinement to the top and in the case of side openings, a bidirectional flow from the

ambient flow domain.

3.1 Velocity and density pattern

The continuous supply of denser fluid into the confinement keeps the time scale (L/U) of

turbulence nearly constant throughout the experiment. This time scale is shorter than the

time scales related to the frequencies of buoyancy generally by three orders of magnitude

[51]. Thus the flow in the present studies falls under momentum-dominated flow and it

exhibits typical characteristics of turbulent jet.

(a) t = 10s (b) t = 20s

(c) t = 50s (d) t = 240s

Figure 3.2: Confinement with side opening geometry with a jet inlet flow rate =
1.265lpm (Re = 3700). The observed laminar length was minimal as the salt solu-
tion had become turbulent even before reaching the jet inlet. High degree of mixing also
could be observed in the images.
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Experiments were conducted on turbulent jet cases with different flow rates (1.265lpm, 0.88lpm

and 0.489lpm) and geometry conditions with ∆ρ = 5kg/m3 to understand the flow pat-

terns of a decelerating, vertical, turbulent, buoyant, round jet in a cuboidal confine-

ment. The flow rates of 1.265lpm, 0.88lpm and 0.489lpm correspond to Reynolds num-

bers Re = 3700, Re = 2600 and Re = 1500 respectively. The confinement in the axial

dimension were placed at the near-field of the turbulent jet (17D). The inlet velocity pro-

file can be considered to have a ‘turbulent pipe-flow’ velocity distribution. The images

represent a physical area of dimension 480mm x 280mm.

(a) t = 10s (b) t = 20s

(c) t = 50s (d) t = 240s

Figure 3.3: Confinement with bottom opening geometry with a jet inlet flow rate =
1.265lpm (Re = 3700). The observed laminar length was minimal as the salt solution
had become turbulent even before reaching the jet inlet. High degree of mixing also could
be observed in the images.

The cuboidal confinement has inner dimensions 212mm x 140mm x 140mm and the

inlet is located at 55mm from the wall away from the laser and normal to it, on the

centreline of the top face, along the longer edge. There are two separate configurations

for the flow exits; one with a circular opening at the bottom wall of the confinement,

centred 50mm away from the wall near to the laser and normal to it, on the centreline

of the bottom face, along the longer edge and another configuration where the opening

is placed on the centroid of the square side wall near the laser. Three flow rates were

used to study the jet inlet Reynolds number dependence of the flow patterns. The flow

evolution proceeds as shown in Fig. 3.2- 3.5.
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(a) t = 10s (b) t = 20s

(c) t = 50s (d) t = 240s

Figure 3.4: Confinement with side opening geometry with a jet inlet flow rate =
0.489lpm (Re = 1500). A steady laminar length was observed in this low flow rate
case. Stable stratification and a clear neutral level were also observed.

Considering the extreme cases of Reynolds numbers, the jet with Re = 3700 is turbu-

lent from the beginning for both side opening (Fig. 3.2) and bottom opening (Fig. 3.3)

cases. It can also be observed that in these cases the fluorescent dye gets saturated due

to high degree of mixing inside the confinement in the second set of measurements from

t = 240s. Looking at the cases of jet with lowest Reynolds number (Re = 1500), it can

be observed that the mixing is significantly lesser and a stable stratification is observed

from the second set of readings from time, t = 240s in both side opening (Fig. 3.4) and

bottom opening (Fig. 3.5) cases.

Unlike many existing works in the topic where stratification and mixing caused by a jet

in confinement were directly related to the flow exit geometry [35], the flow pattern inside

the near-field confinement in the experiments conducted depends mainly on the jet inlet

Reynolds number. The magnitude and range of Reynolds number used in the experiments

conducted by Linden et al. [35] were smaller compared to the experiments described in

the report. Since the separation between the inlet and outlets is less than that of the cases

described in many of the existing literature, the chances of stable stratification inside the

confinement are lesser for high Reynolds number flows (Re > 2000). Thus the natural

ventilation for normal air circulation and natural ventilation for fire emergency or gas
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leakage from pressurized tanks or pipes must be treated differently due to the difference

in flow patterns caused by the difference in the strength of source of buoyancy.

(a) t = 10s (b) t = 20s

(c) t = 50s (d) t = 240s

Figure 3.5: Confinement with bottom opening geometry with a jet inlet flow rate =
0.489lpm (Re = 1500). A steady laminar length was observed in this low flow rate case.
Stable stratification and a clear neutral level were also observed.

To understand the differences in flow due to a source of buoyancy in a confined space

and due to density difference between the incoming fluid and the ambient flow domain,

experiments were also conducted in the same set up without confinement and at different

densities. In the range of Reynolds number used in the experiments, for a time period of

500s used in the experiments, various flow patterns were observed that range from the

ones reaching steady state in the time frame of recording, to the ones that were transient

all throughout the experiment.

3.2 PIV and PLIF measurements

Two sets of synchronized PIV-PLIF readings were taken from each experiment in the time

period 0 − 290s from the beginning of the jet flow (0 − 50s & 240 − 290s). Each set of

reading was taken for 50s at a sampling frequency of 10Hz. From the first set of reading

(t = 0− 50s), image pairs from time t = 5s from the starting of the jet flow to the time

t = 50s were taken for analysis. From the second set of reading (t = 240− 290s), image
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pairs from time, t = 245s to t = 290s were used for analysis. The data from the first 5s

from each set of reading was discarded to avoid the errors caused by the fluctuations in

laser intensity during the warm up time of the laser. The acquired PIV and PLIF images

were transferred from the cameras to the PC during the time gap between the two sets

of readings.

The time interval between PIV image pairs were taken as 2ms (Re = 3700), 5ms (Re =

2600) and 10ms (Re = 1500) for the experiments, based on the inlet flow conditions, in

the decreasing order of jet flow rate. The PLIF camera also acquired image pairs at

the same rate and the first image from each image pair from PLIF camera was used for

PLIF analysis. The vertical span of the confinement covered in the measurement was

17D and the horizontal span of the confinement covered in the measurement was 26D.

The momentum of the jet was adjusted by changing the mass (density) and inlet velocity

(flow rate from the overhead tank) of the incoming salt solution.

3.3 Jet spread angle

Laboratory investigations of free jet penetrating into a quiescent fluid of the same density

reveal that the envelope containing the turbulence caused by the jet adopts a nearly

conical shape. The lateral size of the round turbulent jet increases with the downstream

distance from the nozzle. The initial jet radius was not zero but a finite nozzle radius,

(D/2). Therefore there exists a virtual origin for the jet cone. This point of origin is

called the virtual source of the jet.

The radius R of the jet at any axial location is proportional to the distance y down-

stream from the discharge location. Further, the opening angle was the same, regardless

of the nature of the fluid (air or water) and of other circumstances (such as diameter of

outlet and discharge speed). This universal angle is 11.8o giving approximately 24o from

side to opposite side [28] . It follows that the coefficient of proportionality between the

jet radius R and the downstream distance y from the outlet is tan(11.8o) ≈ 1/5

R(y) =
1

5
y (3.1)

The temporal evolution of jet angles for the experiments conducted (confined jet) were

studied (Fig. 3.6) and it was observed that the jet angles were comparable to the free

jet cases at time, t = 5s and later moves towards an angle of 18o at time, t = 45s. This

reduction in the jet angle is different from the cases reported by Shin et al. [18] where it

was stated that the temporal evolution of free jet spreading angle showed less variation

over the duration of the experiment. The variation in the present experiments could be

due increase in the turbulence in the surrounding fluid and also due to the trapped eddies
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caused by the confinement.
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Figure 3.6: The temporal variation of the jet angle from t = 5s to t = 45s (S: side
opening, B: bottom opening, H: flow rate = 1.265lpm,Re = 3700, M: flow rate =
0.88lpm,Re = 2600, L: flow rate = 0.489lpm,Re = 1500). The value of jet angle for a
free jet is also provided for reference

3.4 Temporal evolution of jet axial velocity along the

centreline

Trends in the mean centreline jet velocity profiles for 1. Statistically steady, free, sub-

merged, turbulent jet and 2. Statistically unsteady, free, submerged, turbulent jet of

same fluid show certain remarkable differences. Assuming self-similar behaviour for the

jet, the continuity equation can be modified to get the mean (ensemble average) centreline

jet velocity profile [18] as

V c(y, t) = A(t)yn (3.2)

where V c(y, t) is the ensemble mean axial velocity along the centreline and y is the

axial dimension. The factor A(t) depends on time and the exponent n varies for different

self-similar regions but constant within a region. Self-similarity condition requires n = −1

for the statistically steady, turbulent jet and n = 1 for statistically unsteady (deceler-

ating), turbulent jet [18]. While the ensemble mean centreline jet velocity is inversely

proportional to the axial distance in statistically steady jet, it is directly proportional to

axial distance in statistically unsteady jet. The experiments were conducted for jet of

heavier, miscible fluid entering a lighter ambient fluid in confinement and the trend of
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centreline velocity needs to be checked.

Assessing the case qualitatively, an immiscible, heavier fluid jet entering a lighter

ambient fluid has higher momentum than a jet of same fluid and the velocity is expected

to decay over a longer period. But when the heavier but miscible salt solution enters the

confinement as a jet, it undergoes mixing and loses momentum faster than the previous

case. Mixing and the reduction in the axial velocity of the incoming jet are coupled.

During the course of time, the denser fluid parcels after mixing forms stratified layers

near the bottom wall of the confinement, reducing the favourable density gradient for

the incoming jet, which also reduces the jet inflow into the confinement. Finally, the

small variation in the level of ambient fluid in the large tank also contributes towards the

reduction in jet axial velocity along the centreline. Acceleration or deceleration of the

fluid can cause increase in shear, open up larger areas to interact and that can enhance

entrainment and mixing.

The linear dependence of the ensemble mean centreline velocity on the axial coordinate

shows possible dependence between the temporal mean centreline velocity and the axial

coordinate which is relevant for fire safety cases. To understand the effect of mixing in

deciding the jet centreline velocity over time and vice versa, the present experiments were

analysed to see the pattern of temporal mean axial velocity of the jet along the centreline

in confined space for a submerged jet of a miscible fluid with a small density difference

with the ambient fluid (∆ρ = 5kg/m3) and the plots were made (Fig. 3.7- 3.12). The jet

centreline velocities were plotted for different time instances (t = 5−50s, t = 245−290s)

upto a distance of 15D from the inlet (inlet diameter, D = 8mm). The bottom wall of

the confinement was at a distance of 17D from the inlet.

The plots of temporal mean axial velocity of the jet along the centreline at various

time instances show a narrow region near the inlet (0 − 5D) after which the velocity

decreases. A turbulent jet is expected to accelerate for a short distance downstream

from the nozzle but due to high noise in this region caused by out-of-plane motions of

PIV particles, no quantitative studies are made for the centreline profiles upto 5D from

the inlet. The point of inversion of slope of centreline velocity varies for different cases

based on the inlet Reynolds number of the jet. The temporal mean centreline jet velocity

profiles were plotted and curve fitting was done to evaluate the trend. The readings with

higher noise, caused by high velocity 3D motion of particles, shadows from the edges of

the outlet, were not considered in curve fitting.

The trend of the mean centreline jet velocity profiles was nearly linear and thus a first

order curve fitting was implemented. The temporal mean centreline jet velocity profile

follows a linear trend with negative slope from the region where the slope of velocity
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changes. The same pattern is observed in all the experiment cases with various inflow

and outlet positions. The analysis was done for periods of time (5s) starting at different

time instants and similar trends were found. It shows how the temporal flow profiles

switch towards different self-similar modes.
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(a) HS30 t = 5− 50s
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Figure 3.7: Mean of the jet axial velocity along centreline for inlet flow rate =
1.265lpm(Re = 3700) in a confinement with φ30mm side opening
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(a) HB30 t = 5− 50s
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(b) HB30 t = 245− 290s

Figure 3.8: Mean of the jet axial velocity along centreline for inlet flow rate =
1.265lpm(Re = 3700) in a confinement with φ30mm bottom opening

At Re = 3700, the bottom opening case (Fig. 3.8) shows clear linear dependence

of temporal mean jet centreline velocity on axial coordinates. The temporal mean jet

centreline velocity in side opening case at Re = 3700 also shows linear dependence on axial

coordinate but not as evident as the bottom opening case (Fig. 3.7). At Re = 2600 also,

the temporal mean jet centreline velocity has linear dependence with the axial coordinate

in the bottom opening case (Fig. 3.10) having a higher match with the predicted model

compared to the side opening case (Fig. 3.9). At Re = 1500, temporal mean jet centreline

velocity of bottom opening case has similar linear behaviour like previous cases (Fig. 3.12)

but the temporal mean jet centreline velocity in side opening case shows weak linear
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dependence with the axial coordinate (Fig. 3.11).

The profiles of temporal mean axial velocity of the jet along the centreline, for side

opening cases have higher deviation from the linear behaviour compared to the bottom

wall opening cases in experiments with decrease in Reynolds number (Re = 3700 to

Re = 1500). It is an indication of the higher tendency for stable stratification in the

bottom opening cases over the side opening cases (Fig. 3.7- 3.8). The pattern is similar

for low flow rate cases also (Fig. 3.9- 3.12). The outlier values at 5D and 10D are caused

by the shadow of the side opening in all side opening cases.
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(a) MS30 t = 5− 50s
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(b) MS30 t = 245− 290s

Figure 3.9: Mean of the jet axial velocity along centreline for inlet flow rate =
0.88lpm(Re = 2600) in a confinement with φ30mm side opening
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(a) MB30 t = 5− 50s
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(b) MB30 t = 245− 290s

Figure 3.10: Mean of the jet axial velocity along centreline for inlet flow rate =
0.88lpm(Re = 2600) in a confinement with φ30mm bottom opening

Acceleration of the buoyant jet was observed from 5 ≤ Y/D ≤ 15 for jet flow cases

with a density ratio of 3.16% [51]. But in the present studies, the density ratio used was

0.5% and therefore it acts more like a non-buoyant decelerating jet which is evident in

the plots from Y/D = 5− 15. The PIV signals from Y/D = 0− 5 in the present studies

have less resolution and hence cannot be used to make any quantitative assessment.
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The profiles of temporal mean axial velocity of the jet along the centreline maintain

temporal self-similarity. But in the case of mean concentration, it shows increasing trends

which are temporally different since it is a scalar. PLIF images of experiments with and

without concentration gradient were taken. The variation in intensity in PLIF images

with concentration gradient shows the role of diffusion between the phases whereas the

PLIF images without the concentration gradient shows how pure mixing due to turbulence

happens.
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(a) LS30 t = 5− 50s
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(b) LS30 t = 245− 290s

Figure 3.11: Mean of the jet axial velocity along centreline for inlet flow rate =
0.489lpm(Re = 1500) in a confinement with φ30mm side opening
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(a) LB30 t = 5− 50s
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(b) LB30 t = 245− 290s

Figure 3.12: Mean of the jet axial velocity along centreline for inlet flow rate =
0.489lpm(Re = 1500) in a confinement with φ30mm bottom opening
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3.5 Unsteady turbulent round jet

The pattern of temporal evolution of jet and mixing are important in various biological,

industrial and environmental flows. The time scale associated with reaching statistically

steady state and the degree of mixing in this period decide various design and safety

parameters of different engineering flow systems.

The temporal evolution of the jet was analysed for all the experiments from t = 5−50s

and t = 245 − 290s. Comparing the distribution of velocity in these two time periods

will show whether the flow is statistically steady or unsteady. It is important to verify

whether the jet flow is temporally steady or unsteady during the period of measurement

so as to select appropriate analysis methods.

The axial velocity values at 4 different points along the jet centreline, separated by

a distance of D, 2D, 4D and 8D, were checked for the duration of measurement. The

temporal values of axial velocity from these points for different flow cases were plotted

(Fig. 3.13- 3.16). A third order curve fitting was overlapped with the scatter plots to

show the trend of velocity, along with a lower limit (set at 50% of the value shown in

the trend of velocity) and an upper limit (set at 150% of the value shown in the trend of

velocity). It can be observed that within a set of reading, the variation of axial velocity

has a dispersed spread on either sides of the trend line throughout the period of data

recording with a variation of 100% of the half value.
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Figure 3.13: Temporal evolution of the jet axial velocity along the centreline, in the
experiment with an inlet flow rate = 1.265lpm (Re = 3700), for a confinement with
φ30mm side opening (t = 5− 50s)(P is the end of inlet and D is the inlet diameter)
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Figure 3.14: Temporal evolution of the jet axial velocity along the centreline, in the
experiment with an inlet flow rate = 1.265lpm (Re = 3700), for a confinement with
φ30mm side opening (t = 245− 290s)(P is the end of inlet and D is the inlet diameter)

Comparing the pattern of velocity at time, t = 5− 50s (Fig. 3.13) and t = 245− 290s

(Fig. 3.14) at Re = 3700 in a side opening case, it can be seen that there is a reduction

in velocity at all four axial locations plotted. Similar trend is seen for bottom opening

case also at Re = 3700. Reduction of velocity with time happened also for the other

four cases also (Re = 2600 with side opening, Re = 2600 with bottom opening, Re =

1500 with side opening, Re = 1500 with bottom opening) and they are provided in

Section .1.1. Autocorrelations were performed on the signals and weak correlations were

observed (Fig. 3.17- 3.18). Similar trend of weak correlation was observed for the temporal

evolution of axial velocity for the remaining test cases also.

Since there is a time dependence for the jet velocity, the mean flow changes with time

and therefore these are not statistically steady turbulent flow cases. The sum of fluctu-

ations deviated away from zero. Therefore a relevant time scale needs to be identified

where the flow is quasi-steady and thus Reynolds averaging can be applied. From the au-

tocorrelation analysis, it could be noticed that there is no particular correlation existing

over this time period for the jet axial velocity along the centreline. A gradual reduction

in the velocity also could be observed in the plots. Thus the jet in the experiments falls

under the category of statistically unsteady, decelerating, turbulent, buoyant, round jet.

The lack of temporal correlations in axial velocity allows averaging to be done on time

scales larger than the eddy turnover time of the flow. The eddy turnover time of the flow

in confinement is related to the dimensions of the largest eddies near the jet domain and
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Figure 3.15: Temporal evolution of the jet axial velocity along the centreline, in the
experiment with an inlet flow rate = 1.265lpm (Re = 3700), for a confinement with
φ30mm bottom opening (t = 5− 50s)(P is the tip of inlet and D is the inlet diameter)

the rms velocity of fluid at this length scale, which was obtained from ensemble averaging.

The eddy turnover time for a jet of Re = 1500− 3700 falls in the range 2− 3 seconds.

It was calculated from the size of the largest eddies and the root mean square of velocity

fluctuations from ensemble averaging of experiments. An averaging time window of 5

seconds (50 images) was selected to analyse the quasi-static flow features in the jet region.

Thus quasi-steady state analysis can be applied for the flow in this time window and

Reynolds averaging of velocity also can be applied. Similar tests were conducted on all

experiment data sets to understand the flow behaviour.

Turbulent flow comprises of flow structures of multiple length and time scales. The

fluid parcels would be undergoing both transport and strain in this type of flows. The rate

of strain is higher for the smaller flow structures compared to the larger flow structures.

Since the strain rate has units of time−1, the time scales associated with strain would

be inversely proportional to the strain rate. Hence the smaller flow structures have

time scales less than the larger flow structures. Therefore the eddy turnover time can

accommodate all dynamics in the smaller scales.

In the experiments conducted, the salt solution jet is flowing throughout the duration

of the experiments causing a mean flow. When the pattern of these flows were observed,

they appeared to be evolving during the complete duration of the period of data acqui-

sition which means that the integral time scale of the evolution of the flow is larger than
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Figure 3.16: Temporal evolution of the jet axial velocity along the centreline, in the
experiment with an inlet flow rate = 1.265lpm(Re = 3700), for a confinement with
φ30mm bottom opening (t = 245−290s)(P is the tip of inlet and D is the inlet diameter)

the recording time. However portions of flow were identified where spatial or temporal

correlations did not exist in the time scale. Checking the sizes of eddies and their time of

dispersal, the relevant time window for averaging was chosen based on the eddy turnover

time. The temporal evolution of velocities at various points were plotted and verified.
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Figure 3.17: Autocorrelation of the jet axial velocity along the centreline at different axial
locations from time, t = 5− 45s, for a confinement with side opening of φ30mm and jet
inlet flow rate = 1.265lpm(Re = 3700)
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Figure 3.18: Autocorrelation of the jet axial velocity along the centreline at different axial
locations from time, t = 5− 45s, for a confinement with bottom opening of φ30mm and
jet inlet flow rate = 1.265lpm(Re = 3700)
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3.6 Cross section profiles of axial velocity

Jet experiments were conducted with a density difference of 5kg/m3 with confinement.

The cross section profiles of axial velocity at different axial locations for a steady, uncon-

fined jet are expected to be self-similar after an axial distance greater than 40D. They

exhibit nearly Gaussian profiles throughout the axial direction in the far-field. Thus a

curve fitting model can be proposed for the radial cross section profiles of axial velocity

V (y, x) as

V (y, x) = Vmax e

(
− x2

2σ2

)
(3.3)

where y is the axial dimension, x is the radial dimension inside the jet cone, Vmax is

the maximum axial velocity at a particular axial location from inlet and σ is the standard

deviation for the velocity distribution. 95% of the area under the curve falls under four

times the standard deviation which makes 4σ = D, where D is the diameter of the nozzle

(D = 2R). Thus combining eq. 3.3 and eq. 3.1,

V (y, x) = Vmax e

(
− 50x2

y2

)
(3.4)

Experiments were done on unsteady, confined, turbulent jet cases and the variation

of temporal evolution of jet axial velocity along the centreline was plotted. After plotting

the cross section profiles of axial velocity at different axial locations, it could be observed

that these profiles are nearly self-similar.

3.7 Behaviour of the jet-core with Re

McNaughton and Sinclair [38] categorizes different regions in a submerged jet in cylin-

drical confinement, based on the jet inlet Reynolds Number. They had defined a “Semi-

turbulent jet” domain of Reynolds number between 1000 and 3000 where a clear laminar

length was observed at the region near the entry of the jet into the ambient fluid domain

(Fig. 3.19). The jet interaction with the surroundings was minimal in this region. Similar

flow pattern was observed in the experiments conducted and as per the literature, the jet

in experiments would start to entrain the ambient fluid domain only after some character-

istic length (laminar length). In a “fully turbulent jet” (Re > 3000), strong entrainment

flows can be observed immediately after the entry of jet into the ambient fluid domain

and hence the laminar length is found to be shorter than a jet with Re < 3000.

The submerged jet flow can be divided into three distinct flow regimes: 1. The laminar

length regime, 2. the developing flow regime and 3. the fully developed flow regime [1].

The entrainment flows are weaker near the laminar length regime. There would be less
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fluctuation in the jet axial velocity along the centreline in the laminar length regime.

Thus the jet axial velocity along the centreline in the laminar length regime would be

nearly equal to its value at the jet exit. The axial length of the laminar length could go

upto 4D for a round jet, where D is the diameter of the inlet, according to the works of

Martin [27] and the Nasa technical report by Gauntner et al. [24] states that the laminar

length could vary from 4.7D to 7.7D

Figure 3.19: The variation of laminar length of vertical jet in cylindrical confinement
based on inlet Reynolds number. The jet inlets are located at the top of the figure. The
root of the arrows shows the locations of the source of each jet and the arrow heads
show the direction of jet. A: Fully laminar jet (300 < Re < 1000, dependent on vessel
dimensions), B: Semi-turbulent jet (1000 < Re < 3000, dependent on vessel dimension.
The laminar length (L1) is marked from the source to the fully developed region), C:
Fully turbulent jet (Re > 3000, independent of vessel dimensions).

(a) Semi turbulent jet, Re = 1500,
flow rate = 0.489lpm

(b) Fully turbulent jet, Re = 3700,
flow rate = 1.265lpm

Figure 3.20: Variation of laminar length with Reynolds number for confined jet
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Fig. 3.20 shows the difference in laminar length with Reynolds number. While the

laminar length is clearly visible in for jet with Re = 1500, the laminar length is minimal

for the jet with Re = 3700. The near-field of the turbulent jet is the region where the

jet retains the inlet flow characteristics. Up to a downstream distance less than 5D from

the inlet, the lateral spread and the axial velocity variations of the jet are minimal. The

higher axial velocity at this region causes high noise in PIV data as the time gap between

PIV image pairs would be set at a larger time scale based on the mean velocity of the

jet.

The turbulence instabilities becomes evident on the jet boundary after an axial dis-

tance of 4D− 5D and start penetrating into the jet-core which causes lateral spread and

reduction in the axial velocity of the jet with downstream distance from the nozzle. With

increasing downstream distance, the encroachment of turbulence generated at the inter-

face into the jet-core also increases and jet-core gets consumed further. The core of the

jet less affected by the turbulence thus obtains a conical shape (potential cone). The axial

distance from the nozzle to the tip of the potential cone of the jet is an important factor

that decides the span of the flow development region. The fully developed turbulent jet

flow starts after some axial distance downstream from the point where the potential cone

cease to exist.

3.8 Statistically unsteady self-similar state

The difference in the pattern of jet axial velocity along the centreline, between a statis-

tically steady jet and a decelerating jet affects the patterns of entrainment. The radial

(cross sectional) profiles of mean axial velocity of the jet at different axial locations were

plotted for all the experiment cases and the trends were analysed. It is known that Gaus-

sian self-similar profiles were observed for the statistically steady jet cases. In the present

study,cross sectional profiles of mean axial velocity were made at different time instants

based on the eddy turnover time. Nearly self-similar velocity profiles were observed in

the case of confined jet cases studied in the experiment in the near-field (upto 15D).

The radial profiles of mean axial velocity was normalized by the peak axial velocity

at the same axial location and the radial distance by the full width half maximum of the

cross section profiles of the mean axial velocity. Radial profiles of mean axial velocity

over different time periods shows that the self-similarity varies temporally. The idea

of temporal self-similar axial velocity profiles from the works of Boree et al. [7, 8] on

a decelerating jet between two statistically steady states can now be safely extended

towards gradually decelerating jet over a longer period.
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The cross section profiles of mean axial velocity and concentration, at different axial

locations of the incoming jet were analysed to check the evolution of the flow. The jet

flow was found to have a conical shape. The denser fluid from the jet moved upto the

bottom of the confinement, undergoes mixing en route, occupied the bottom most layers

of the confinement and displaced the existing lighter fluid upwards. Thus, the mixed,

intermediate density fluid kept on rising to the top of the confinement. A jet inside

confinement with higher momentum caused better mixing and weaker stratification was

observed inside the confinement. Thus the strength of stratification depends on the

momentum and on the strength of the source of buoyancy also. Strong stratification

pattern was observed in jet with low flow rate (Re < 1800). It was also observed that

the ambient fluid trapped at the top region of the confinement remained less mixed.

3.8.1 Velocity

The size of the jet at the inlet is not zero but the finite nozzle diameter. Therefore the

jet can be assumed to possess a conical shape with its apex taken as a virtual origin or

a point source. This virtual origin could be calculated from the values of jet cone angle

given in section 3.3. For a free jet, the virtual origin is located at 2.5D from the tip of

the inlet [28]. In the present study, the location of the virtual origin varied from 1.45D

to 1.74D from the tip of the inlet, for different cases at time t = 40s.

The widening of jet-cone is linear with distance, and the axial velocity profiles of the jet

at different cross sections, except those near the orifice, were similar to one another, after

suitable averaging accounting turbulent fluctuations. Observations suitably averaged over

many turbulent fluctuation time scales show that the axial velocity of the jet obeys a law

of similarity: All cross-sections appear nearly identical, except for a stretching factor,

and the axial velocity profile across the jet exhibits a nearly Gaussian shape. Therefore,

it can be written as

U(y, r) = Umaxe
−r2
2σ2 (3.5)

g
∆ρ

ρ
(y, r) = g

∆ρ

ρ
(y).e−r

2/b2 (3.6)

where y is the downstream distance along the jet (counted from the virtual source), r

is the cross-jet radial distance from its centreline, Umax(y) is the maximum speed at the

centreline, σ(y) is the standard deviation related to the spread of the profile across the

centreline, g is the acceleration due to gravity, ρ is the density of the fluid and ∆ρ is the

difference in density between the two fluids.
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The Mean Cross Sectional (MCS) axial velocity profiles of the jet normalized by the

local peak axial velocity were plotted along a horizontal axis normalized by the full-width

at half-maximum (FWHM) values. FWHM denotes the separation between the horizontal

coordinates (independent variable) when the value of the function (dependent variable) is

half of its peak value (peak amplitude) (Fig. 3.21). Gaussian functions can be integrated

by simple multiplication if its full width at half maximum is known.

Figure 3.21: Full width at half maximum (FWHM) for a Gaussian curve

The These MCS axial velocities were found to have a nearly Gaussian profile. The

incoming jet was found to accelerate initially due to buoyancy 0 − 5D, decelerate and,

spread as a ceiling jet once it reaches the bottom region of the confinement. Line plots

are used to denote the mean axial velocity values for tracing the approximate shape. Any

line between two data points in these plots does not represent velocity values.

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.22: Radial profiles of mean axial velocity of the jet at different axial positions
for jet with an inlet flow rate = 1.265lpm(Re = 3700). Since the jet was turbulent from
the inlet, nearly self-similar profiles were observed in this case. The data was taken from
the first set of readings from t = 5− 50s averaged based on the eddy turnover time.
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Highly self-similar MCS axial velocity profiles were obtained in the case of high

Reynolds number jet flow. At Re = 3700, self-similarity of the MCS axial velocity is

more evident in the case of jet in confinement with a bottom opening (Fig. 3.22b) com-

pared to the cases of jet in confinement with a side opening (Fig. 3.22a).

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.23: Radial profiles of mean axial velocity of the jet at different axial positions
for jet with an inlet flow rate = 0.88lpm(Re = 2600). Since the jet is undergoing from
laminar to turbulent in the test cases, clear self-similarity profiles were not observed. The
data was taken from the first set of readings from t = 5−50s averaged based on the eddy
turnover time.

In the case of jet flow with Re = 2600 in side and bottom opening confinements, higher

self-similarity in MCS axial velocity is observed in the case of jet flow in confinement with

a bottom opening (Fig. 3.23b) compared to the jet flow in confinement with a side opening

(Fig:3.23a). But in both of these jet flow cases (Re = 2600), the self-similar character of

MCS axial velocity is weaker compared to the jet flow cases with higher Reynolds number

(Re = 3700).

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.24: Radial profiles of mean axial velocity of the jet at different axial positions
for jet with an inlet flow rate = 0.489lpm(Re = 1500). Since the jet is mostly laminar
in the test cases, self-similarity profiles were not observed. The data was taken from the
first set of readings from t = 5− 50s averaged based on the eddy turnover time.
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Nearly self-similar MCS axial velocity profiles were obtained for the jet flows with low

Reynolds number (Re = 1500) also like the previous two cases. The self-similar character

of MCS axial velocity for the jet flows at Re = 1500 is comparable to that of the jet

flows at Re = 2600 and weaker than that of jet flows at Re = 3700. In these cases

also, more dominant self-similar MCS axial velocity profiles were observed in jet flow in

confinement with a bottom opening (Fig. 3.24b) over jet flow in confinement with a side

opening (Fig. 3.24a). It is evident in the experiments that the higher self-similarity in

axial velocity is observed where the jet has lesser laminar length (Fig. 3.20, 3.22).

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.25: Radial profiles of rms axial velocity of jet at different axial positions with
an inlet flow rate = 1.265lpm(Re = 3700)

The rms axial velocity of the jet was measured in all the experiment cases and the the

values were plotted (Fig. 3.25- 3.27). For all values of Reynolds number, the self-similar

characteristics of rms axial velocity are weaker compared to that of the MCS axial velocity

profiles. Out of these weakly self-similar profiles, the jet flow cases in confinement with

a bottom opening (Fig. 3.25b, 3.26b) has relatively more self-similar characteristics over

the side opening cases (Fig. 3.25a, 3.26a) for Re = 3700 and Re = 2600.

Unlike the jet flow cases with Re = 3700 and Re = 2600, the jet flow case with

Re = 1500 has similar pattern of rms axial velocity for both side and bottom opening

cases (Fig. 3.27). Stable stratification was observed in these flow cases and the laminar

length of jet in both cases were greater than the higher Reynolds number cases. Similarity

in jet domain and stratified layers contribute to similar fluctuation patterns for the jet

flows with low Reynolds number in confinement with side or bottom opening.

3.8.2 Concentration

The radial profiles of mean concentration normalized by the local maximum concentration

at different axial locations were plotted and it could be observed that these profiles are
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(a) Side opening geometry (b) Bottom opening geometry

Figure 3.26: Radial profiles of rms axial velocity of jet at different axial positions with
an inlet flow rate = 0.88lpm(Re = 2600)

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.27: Radial profiles of rms axial velocity of jet at different axial positions with
an inlet flow rate = 0.489lpm(Re = 1500)

nearly self-similar (Fig. 3.28- 3.30). It can be also observed that the mixing pattern is

different for side opening cases and bottom opening cases. The side opening cases have

larger spread of concentration near the jet-core. The the radial spread of fluctuations

in axial velocity were higher in the case of confinement with side opening compared to

confinement with bottom opening.

Looking at the cross section profiles of concentration at Re = 3700, it can be ob-

served that they exhibit nearly self-similar behaviour upto 15D. This is an important

information in the case of decelerating turbulent buoyant jet in a near-field confinement.
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(a) Side opening geometry (b) Bottom opening geometry

Figure 3.28: Radial profiles of concentration across the jet axis at an inlet flow rate =
1.265lpm(Re = 3700)

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.29: Radial profiles of concentration across the jet axis at an inlet flow rate =
0.88lpm(Re = 2600)

(a) Side opening geometry (b) Bottom opening geometry

Figure 3.30: Radial profiles of concentration across the jet axis at an inlet flow rate =
0.489lpm(Re = 1500)
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3.8.3 Correlations

Reynolds Stress

Velocity fluctuations were extracted from PIV data after suitable averaging. Cross sec-

tional profiles of Reynolds stress values at different axial locations were plotted for dif-

ferent experiments. The Reynolds stress (U ′V ′) is a symmetric tensor that decides the

mean transport of fluctuating momentum in one direction by velocity fluctuations in the

other direction. A higher value of Reynolds stress shows strong correlations between the

velocities in either directions.

In the Reynolds stress plots, the positive and negative portions relate to the magnitude

and direction of entrainment. The larger magnitudes of Reynolds stress clearly confirms

the entrainment model described by MTT [39]. It can be taken as an indicator of the

intensity of mixing. The value is highest for confinement with a side opening at Re = 3700

(Fig. 3.31). The values of Reynolds stress is lesser for confinement with bottom opening

at the same Reynolds number. The values of Reynolds stress get reduced by an order

of magnitude for the low Reynolds number cases (Fig. 3.33). The value of Reynolds

stress for jet flow in confinement with a bottom opening is always less than jet flow in

confinement with a side opening. The plots also shows that the correlation is zero at

the jet centreline (jet-core). The horizontal axis is normalized by diameter of inlet, D

(X̂ = X/D)
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(b) Bottom opening geometry

Figure 3.31: Cross section plots of Reynolds Stress for jet with an inlet flow rate =
1.265lpm (Re = 3700)

The Reynolds stress decides the exchange of momentum between the turbulence and

the mean flow even though the turbulent velocity fluctuations have zero mean momentum.

The low inlet Reynolds number experiments have smaller values for Reynolds stress which

matches with the mixing patterns observed. The side opening cases have higher values

for Reynolds stress over the bottom opening cases.
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(b) Bottom opening geometry

Figure 3.32: Cross section plots of Reynolds Stress for jet with an inlet flow rate =
0.88lpm (Re = 2600)

The large, trapped eddies were evident in the jet flow cases with Re = 3700. The size

of these eddies at the near-wall region was almost the gap between the jet and the near-

wall. Therefore the jet-wall interactions and hence fluctuations in velocities are higher

in this region causing high values of Reynolds stress (Fig. 3.31) in the near-wall region

whereas in the case of Re = 2600 (Fig. 3.32) and Re = 1500 (Fig. 3.33), the values of

Reynolds stress are lower on the near-wall region possibly due to smaller size of the eddies

compared to the gap between the jet and the near-wall.
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(b) Bottom opening geometry

Figure 3.33: Cross section plots of Reynolds Stress for jet with an inlet flow rate =
0.489lpm (Re = 1500)

The jet flow cases with higher Reynolds number (Re = 3700, 2600) have larger values

of Reynolds stress at the far-wall side possibly due to the bidirectional flow from the side

opening. In the jet flow case with Re = 1500, the entire fluid inside the confinement was

not turbulent and stable stratification was also observed. The Reynolds stress values in

this case are similar in the side and bottom opening flow cases.
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Velocity-Concentration correlations

The axial velocity-concentration correlations were also studied and it was observed that

the values are higher for confinement with side opening compared to the confinement

with bottom opening (Fig. 3.34). The axial velocity and concentration in flow cases with

confinement with side opening at Re = 2600 (Fig. 3.35a) has higher correlations than

bottom opening cases with higher Reynolds number (Re = 3700) (Fig. 3.34b).

(a) Side Opening Geometry (b) Bottom Opening Geometry

Figure 3.34: Velocity-Concentration correlation for confinement with side and bottom
opening (flow rate = 1.265lpm,Re = 3700, t = 5− 50s)

(a) Side Opening Geometry (b) Bottom Opening Geometry

Figure 3.35: Velocity-Concentration correlation for confinement with side and bottom
opening (flow rate = 0.88lpm,Re = 2600, t = 5− 50s)

It shows that the changes in velocity and concentration affect each other more dom-

inantly in the confinement with side opening. In the flow cases described in the study,

the confinement geometry appears to be a more important factor in mixing than the jet

flow rate.
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3.8.4 Centreline profiles of velocity and concentration

The centreline profile plots of normalized axial velocity, axial velocity fluctuations, con-

centration and concentration fluctuations were plotted for all flow rates for the jet flow

cases in confinement with side opening and bottom opening. The peak of MCS axial

velocity was expected to be near an axial distance of 3D from the nozzle where D is

the nozzle diameter. Previous works in the topic states that the flow would start with a

velocity approximately equal to 95% of the peak velocity till an axial distance of 3D and

decelerates further. The flow gets accelerated when buoyancy forces dominate over the

viscous forces due to high density difference or less mixing and less entrainment [29, 20].

The peak velocity was observed when buoyancy balances viscosity. After that point, the

jet decelerates, density difference gets reduced and entrainment increases. In the case of

axial velocity, it could be observed qualitatively that the jet-core had started decelerat-

ing (Fig. 3.36) from an axial distance of 5D from the inlet. Û = U/Umax, V̂ = V/Vmax,

Ĉ = C/Cmax, Ŷ = Y/D where U, V, C represent the mean or rms values of radial velocity,

axial velocity and concentration respectively.
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(b) t = 245− 290s

Figure 3.36: Centreline profile of axial velocity (S: side opening, B: bottom opening, H:
flow rate = 1.265lpm,Re = 3700, M: flow rate = 0.88lpm,Re = 2600, L: flow rate =
0.489lpm,Re = 1500)

The plots of rms of velocity fluctuations show that the axial velocity fluctuations

does not vary with time possibly due to the steady supply of incoming fluid inside the

confinement and the relative strength of the momentum flow over the buoyancy induced

secondary flows (small density difference) (Fig. 3.37). During time t = 5 − 50s and

t = 245 − 290s, the trend is similar in pattern and magnitudes of rms values. Due to

confinement at the bottom, the axial velocity fluctuations die down to lower values for

all time instants. The values at an axial distance of 15D are almost identical for same

flow rate cases. There is also a clear difference in the axial velocity fluctuations for the

high flow rate case compared to other cases.
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(b) t = 245− 290s

Figure 3.37: Centreline profile of rms of fluctuations of axial velocity (S: side opening, B:
bottom opening, H: flow rate = 1.265lpm,Re = 3700, M: flow rate = 0.88lpm,Re = 2600,
L: flow rate = 0.489lpm,Re = 1500)

The radial velocity profiles fluctuate in both magnitude and direction indicating en-

trainment and mixing (Fig. 3.38). The high flow rate cases have higher fluctuations in

radial velocity compared to other cases. The radial velocity fluctuations at an axial dis-

tance of 15D from the inlet are different for various cases unlike the axial velocity. This

is an indication of the difference in entrainment and mixing between the side and bottom

opening cases.
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Û
2

SH
SM
SL
BH
BM
BL

(b) t = 245− 290s

Figure 3.38: Centreline profile of radial velocity (S: side opening, B: bottom opening, H:
flow rate = 1.265lpm,Re = 3700, M: flow rate = 0.88lpm,Re = 2600, L: flow rate =
0.489lpm,Re = 1500)

Looking at the centreline profiles of rms fluctuations of radial velocity (Fig. 3.39), it

can be observed that the fluctuations increase with increase in flow rate. Larger fluctua-

tion means higher entrainment and mixing. For same flow rate cases, the difference in ra-

dial velocity fluctuations between side and bottom opening cases reduces from t = 5−50s

to t = 245− 290s possibly due to the reduction in density gradient.

From the normalized profiles of concentration, it could be observed that the mixing
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Figure 3.39: Centreline profile of rms of fluctuations of radial velocity (S: side opening, B:
bottom opening, H: flow rate = 1.265lpm,Re = 3700, M: flow rate = 0.88lpm,Re = 2600,
L: flow rate = 0.489lpm,Re = 1500)

pattern is nearly similar for all cases between the axial location 5D− 10D from the inlet

(Fig. 3.40). This is the region where most of the eddies caused by the jet-bottom wall

interaction comes in contact with the jet again. There was a drop in the concentration

level after a distance of 10D from the inlet, which could be a consequence of the presence

of unmixed cores of large eddies in this region.The size of these large eddies does not vary

with time as it is a case of forced turbulence for the time duration of the experiments.

But the fluctuations in concentration increases with the axial distance from inlet due to

the presence of eddies near the bottom plate.
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Figure 3.40: Centreline concentration (t = 5−50s) (S: side opening, B: bottom opening,
H: flow rate = 1.265lpm,Re = 3700, M: flow rate = 0.88lpm,Re = 2600, L: flow rate =
0.489lpm,Re = 1500)
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Chapter 4

Entrainment and Mixing

Eckart [19] states that turbulent mixing comprises of three stages, which span over the

complete space-time spectrum of the flow - entrainment, dispersion and diffusion. En-

trainment could be considered as the most important property of turbulent flows. En-

trainment is the transport of fluids across an interface between fluid domains caused by

shear induced turbulent flux, over a spectrum of scales of considerable span. In the case

of jets, the sharp velocity gradient causes shear regions at the jet edges which leads to

the generation of turbulence. Entrainment decides the transport and mixing in turbulent

flows which is evident in high Reynolds number flows.

The velocity of the entraining fluid is called entrainment velocity; the ratio between the

relevant length and time scales. Morton, Turner and Taylor presented a successful model

for entrainment where they argued that the entrainment velocity must be proportional

to the effective speed of the flow [39]. Previous works of Breidenthal [46] show factors

like confinement, stratification, rotations and acceleration can affect entrainment. The

works of Brown and Roshko [9] and Konrad [32] states that entrainment and associated

transport and mixing are decided mainly by the largest vortices which makes the sizes

of these eddies the relevant length scales and their period of rotation the relevant time

scales. Thus, the entrainment velocity could be defined as

ve = κ.

(
ζ

τ

)
(4.1)

where ζ is the size of the largest eddies, τ is the period of rotation of the largest eddies

and κ is the constant of proportionality. Eddy turnover time, tl, (tl = L/ul) is the typical

time scale for an eddy of length scale L to undergo “significant distortion” [55]. Transfer

of energy occurs through these distortions and thus tl is also the time scale for the energy

transfer from larger to smaller scales. The ratio between the length scale and time scale

of eddies also provides the characteristic velocity (Vrms) for turbulent flows. Experiments

were conducted on free jet and confined jet flows at different density ratios to understand
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the pattern of entrainment and subsequent mixing. The mixing also leads to further

reduction in momentum. The entrainment was initiated by the largest eddies and the

phases later dispersed and got mixed by the full spectrum of smaller scales. The works of

Roshko [47] explains that the further mixing caused by smaller eddies is proportional to

the large eddies and occurs at smaller time scales. Thus, the net flow process is controlled

by the large eddies and only their length and time scales matter. Thus, it could be stated

that the effect of buoyancy would be higher on the largest length scales.

4.1 Free jet

An axi-symmetric free/unconfined jet has a linear rate of spread in the lateral direction

and the jet centreline velocity varies inversely with the axial distance. The entrainment

region caused by turbulent eddies increases in size with the size of these eddies down-

stream. The infinite volume of fluid around the jet axis creates a uniformly inward pattern

of entrainment around it. The free jet in the experiments conducted was a statistically

steady jet whereas the jet in confinement was a statistically unsteady (decelerating) jet.

The mode of entrainment in free jet for two cases (ρ = 0kg/m3 and ρ = 5kg/m3) is

presented in Fig. 4.1 for an axial distance of 0− 15D from the inlet (Re = 2600).
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Figure 4.1: Entrainment (radial) velocity pattern around the jet centreline in unconfined
jet flow cases. The black vertical line represents the jet centreline. The root of the cyan
arrow shows the location of the source of the jet and its direction shows the direction of the
jet. The contour plots represent the magnitude of entrainment velocity and arrows shows
its direction. It can be observed that on either side of the centreline, the entrainment
velocity is directed towards the centreline. The pattern is smooth and continuous. The
vector plots show a regular pattern of entrainment of the ambient fluid by the jet towards
its centreline (averaged over t = 10s− 15s).

The same trend is observed in different time periods in the time frame 0 − 290s. In

this near-field region, the vortices are relatively smaller and they get translated along
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the mean jet flow. The factors that affect entrainment in incompressible flows include

acceleration, confinement, stratification and stationarity of vortices [46].

4.2 Jet in confined space

There are significant differences in the jet hydrodynamics of a confined jet compared to

that of a free jet due to the recirculation caused by entrainment and wall interactions. The

abrupt reduction in the axial velocity of the jet due to walls contributes to changes in its

radial velocity profile and affects the pattern of entrainment. The pattern of entrainment

for a free jet and confined jet with ∆ρ = 5kg/m3 from 0−17D is shown in Fig. 4.2 (Re =

2600). Compared to a free jet where a significantly larger volume of fluid is available

for entrainment, there is only a finite volume of fluid to interact for the confined jet and

the confinement enforces circulation zones inside it to compensate the fluid transported

by the eddies, which alters the pattern of entrainment. It could be observed from the

change in sign of the entrainment velocity on either sides of the 2D plane along the

axial direction. The presence of confinement will increase the shear rate, adding more

interfacial areas and turbulence which help in mixing.

(a) Unconfined jet (b) Confined jet with a side opening

Figure 4.2: Difference in flow structures between an unconfined buoyant jet and a confined
buoyant jet for a ∆ρ = 5kg/m3 between the jet and the ambient fluid. The confined jet
creates trapped eddies that increase mixing inside the confinement.

In a pure jet, with the spreading of the shear layer, the unmixed jet-core disappears

gradually whereas in the case of a confined jet, the unmixed jet-core disappears at a

shorter length due to the abrupt change in the direction of the axial flow of the jet-core

caused by the bottom wall of the confinement normal to the flow. Thus, along with the

mixing due to shear layers, the bottom wall of the near-field confinement also causes

mixing of the jet-core at a lesser axial span. The trapped eddies also play a significant

role in the pattern of mixing, especially at the near-wall region.
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Figure 4.3: The pattern of circulation and entrainment in the case of a confined jet. The
jet source (S) is placed at the left side of the figure. The trapped eddies cause vigorous
mixing in the confinement. Compared to an unconfined jet that entrains and transport
away the ambient fluid in the axial direction, the confined jet entrains and mixes the
surroundings inside the confinement.

The entrainment rate and subsequent mixing depend on the stationarity of the vortices

also. The confinement in the experiments was close to the jet centreline on its three sides,

which causes the eddies to persist throughout the flow of the jet. The recirculation zones

created by the confinement reverses the radial flow directions at different axial positions

as shown in Fig. 4.3. Thus, in the experiments, the continuous jet and, the confinement

creates persistent vortices that increase mixing. The vortical structures, namely the

counter-rotating vortical pairs (CVP) play a significant role in the entrainment between

the cross flow and transverse jet. Mean entrainment plots over an eddy turnover time

(5s) were taken at different time instants and were found similar.

In Figure 4.4, it can be observed that the pattern of entrainment is different for the

jet flow in confinement with a side opening and the jet flow in confinement with a bottom

opening at Re = 3700. The entrainment velocities have higher magnitude for side opening

cases compared to the bottom opening cases. The pattern of entrainment in side opening

case has more deviation from the entrainment pattern in free jet compared to that of the

bottom opening case. The entrainment velocity changes direction frequently in the side

opening case.

The entrainment velocity is larger for jet flow in confinement with a side opening

compared to a jet flow in confinement with a bottom opening (Fig 4.5). But unlike the

side and bottom opening cases with Re = 3700, the pattern of entrainment are similar

in the side and bottom opening cases at Re = 2600.
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Figure 4.4: Entrainment (radial) velocity pattern around the jet centreline in a confined
jet for a jet inflow rate = 1.265lpm (Re = 3700). The black vertical line represents the
jet centreline. The root of the cyan arrow shows the location of the source of the jet and
its direction shows the direction of the jet. Both the vector and contour plots represent
the entrainment velocity (averaged over t = 10s− 15s).

The pattern and values of entrainment velocity are having higher match for side and

bottom opening cases at Re = 1500 (Fig 4.6). Similar patterns of stratification was

also observed at this Reynolds number for side and bottom opening cases. Statistically

unsteady, confined jet was used in various cases for improving mixing through increased

entrainment. The variation in the axial velocity of the jet contribute to fluctuations in

the radial velocity components, increase turbulence and leads to enhanced mixing. The

enhancement in entrainment due to the deceleration of jet is employed in the increased

mixing of diesel jets in compression-ignition engines. The concentration of the jet along

the centreline also reduces with increase in the fluctuations in the axial velocity of the

jet.
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Figure 4.5: Entrainment (radial) velocity pattern around the jet centreline in a confined
jet for a jet inflow rate = 0.88lpm (Re = 2600). The black vertical line represents the jet
centreline. The root of the cyan arrow shows the location of the source of the jet and its
direction shows the direction of the jet. Both the vector and contour plots represent the
entrainment velocity (averaged over t = 10s− 15s).
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Figure 4.6: Entrainment (radial) velocity pattern around the jet centreline in a confined
jet for a jet inflow rate = 0.489lpm (Re = 1500). The black vertical line represents the
jet centreline. The root of the cyan arrow shows the location of the source of the jet and
its direction shows the direction of the jet. Both the vector and contour plots represent
the entrainment velocity (averaged over t = 10s− 15s).
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The buoyant jet in the experiment is flowing through an asymmetric confinement

(Fig. 4.7). The vertical wall of the confinement away from laser and normal to it, is

nearer (∼ 7D) to the jet centreline (denoted as near-wall region, B) than the wall near

to the laser (∼ 20D) and normal to it (denoted as far-wall region, A). Therefore either

sides of the jet were analysed separately to see the patterns of entrainment. The figures

given below show the variation of mean vertical velocity and mean concentration profiles

in the near-field the jet in the axial direction at the near-wall region and the far-wall

region respectively for different time instants. The profiles are normalized by their peak

values. Fig. 4.8 - 4.13 shows the variation in mean velocity and mean concentration at

the near and far-wall regions (4D wide) of the jet for high Re case with side opening

(t = 5.1s− 45.1s).

[h]

Figure 4.7: Schematic of the experiment set up. The sides A and B which are normal to
the laser sheet are marked. A is the side near to the laser and B is the side far from the
laser.

It could be clearly observed that the radial velocity values for the near-wall region

fluctuate more with the distance from the inlet whereas the radial velocity profiles on the

region near the jet away from the side wall does not exhibit any dependence with the

distance from inlet. The entrainment and subsequent mixing is also higher in the near-

wall region compared to the region on the far-wall region. The presence of walls cause

higher entrainment at the near-wall region which causes a smaller standard deviation for

the concentration values. On the far-wall region, the entrainment and subsequent mixing

is lesser in the beginning upto an axial distance of 5D but later becomes comparable to

near-wall region. The presence of a side opening also contributes to the radial velocity

fluctuations and concentration but this flow falls under buoyancy driven convection and

hence slower compared to the jet flow.

The effect of a rigid boundary at the near-wall region is clearly observed in the other

side opening cases with lesser flow rate (0.88lpm,Re = 2600 and 0.489lpm,Re = 1500).

All these cases with different flow rate follow the same trend of increased radial velocity
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fluctuation with axial distance from the jet inlet. The far-wall region shows no regular

pattern for velocity in the side opening cases. In all the side opening cases with different

flow rates, it could be observed that the proximity of the rigid wall creates a higher

concentration at the near-wall region compared to the far-wall region. At low flow rate

cases, there is less turbulence, no large eddies or significant interaction with the wall,

which means there is less entrainment. The variation at the far-wall region could be

attributed to the bidirectional flow through the side opening. The concentration profiles

appear nearly similar on either sides of the jet which means mixing occurs mainly due to

molecular diffusion.

The pattern of velocity and concentration profiles at the near-wall region and far-wall

region are different for bottom opening cases. The radial velocity profiles at the near-wall

region has lesser fluctuations near the jet inlet compared to side opening cases.

For side opening case at Re = 3700, the fluctuations in the radial velocity are higher

at the near-wall side compared to the far-wall side. The concentration values are also

higher in the near-wall region compared to the far-wall region after an axial distance of

10D (Fig. 4.8). For bottom opening cases at Re = 3700, the radial velocity has higher

fluctuations at the near-wall region. But the concentration is higher at the far-wall region

(Fig. 4.9).

In the case of side opening confinements at Re = 2600 (Fig. 4.10), the radial velocity

fluctuations are higher at the near-wall region especially at the bottom due to trapped

eddy. But the concentration values are higher at the far-wall region. For bottom opening

cases at Re = 2600, the velocity fluctuations are higher at the near-wall region. The

concentration values are higher at the far-wall region similar to the side opening case

with same Reynolds number (Fig. 4.11).

In the case of Re = 1500, the velocity patterns are similar at the near-wall and far-

wall regions for both side and bottom opening cases. The concentration pattern on either

sides of the jet are similar for side opening (Fig. 4.12) and bottom opening (Fig. 4.13)

cases but the values are higher for side opening cases.

Therefore it can be observed that the inlet Reynolds number decides the flow and

mixing patterns more than the geometry. At Re = 1500, the flow and mixing patterns

were similar for both side and bottom opening cases. The effect of geometry comes into

picture only at higher Reynolds numbers. There are higher probability for stratifications

in the far-wall region compared to the near-wall region due to weaker eddies.
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Figure 4.8: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, side opening, inlet flow rate = 1.265lpm(Re = 3700)
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Figure 4.9: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, bottom opening, inlet flow rate = 1.265lpm(Re =
3700)
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Figure 4.10: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, side opening, inlet flow rate = 0.88lpm(Re = 2600)
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Figure 4.11: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, bottom opening, inlet flow rate = 0.88lpm(Re = 2600)
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Figure 4.12: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, side opening, inlet flow rate = 0.489lpm(Re = 1500)
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Figure 4.13: Mean radial velocity and mean concentration at the near-wall (left) and far-
wall (right) regions for confined jet, bottom opening, flow rate = 0.489lpm(Re = 1500)
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4.3 Coefficient of entrainment

The entrainment coefficient, α was calculated for all experiments for the bottom and

side opening cases according to 1.10. On either side of the jet, the radial locations

were identified where the local axial velocity becomes 1/e times the axial velocity at the

centreline of the jet. Since the left and right side of the jet has different distance of

separation from the wall, the entrainment values are calculated for both the walls nearer

and farther from the laser and normal to it.

The coefficient of entrainment is higher near the inlet and reduces downstream. The

values of entrainment coefficient approaches a value between that of vertical free jet (0.08)

and vertical, buoyant free plume (0.12) after an axial distance of 10D. The overall trend

in the variation of entrainment coefficient is from higher value at the beginning of the

flow to lower values towards the far-field. This is consistent with the theory that the

entrainment coefficient is proportional with the mean centreline velocity.

The near-wall region of the jet appear to have steady entrainment compared to the far-

wall region possibly due to circulation zones caused by trapped eddies. The entrainment

values at the far-wall region of jet has higher fluctuation near the inlet compared to the

near-wall region. The presence of the wall at one side of the jet aids circulation that cause

further rise in entrainment towards the bottom of the confinement whereas there are no

such rolling motion at the far-wall region and thus the mixing also is reduced there The

side opening of the confinement affects the entrainment at the far-wall region.
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Figure 4.14: Entrainment Coefficients - Side opening
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Figure 4.15: Entrainment Coefficients - Bottom opening

4.4 Stratification

Entrainment and turbulent mixing cause different flow patterns compared to typical

stratification patterns expected from a laminar jet of denser fluid entering a confined

space. Stronger stratification near the bottom wall was observed in the low Reynolds

number cases (Re = 1500) and comparably weaker stratification at the same region

in the higher Reynolds number cases (Re = 2600, 3700). The jet with low Reynolds

number has lesser fluctuations in velocity, aids buoyancy driven stratification and does

not cause strong mixing. The mode of stratification was independent of the density

difference/buoyancy as different modes of mixing were observed inside the confinement

for the same density difference between the incoming and ambient fluids. When the

size of the largest eddies were considerably smaller than the box dimensions, strong

stratification patterns were visible (Fig. 4.16). The deviation from the expected pattern

of stratification only in bottom opening geometry [35] and increase in mixing caused by

the near-field confinement can be clearly observed in the experiments conducted.

(a) Side opening geometry (b) Bottom opening geometry

Figure 4.16: Strong stratification pattern and stable neutral level for jet inlet flow rate
= 0.489lpm (Re = 1500).
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4.5 Difference between confinements with side or bot-

tom opening

In the case of confinement with side opening, the incoming salt solution after mixing,

reaches the side opening and starts flowing outside the confinement. This could be taken

as a buoyancy driven convection as the flow velocity was considerably less than the

buoyant jet. This flow pattern caused by the overflow through the side opening (layer-

wise overflow), was evident in the case of jet with low flow rate (Re = 1500). Stably

stratified layers were observed in this case below the height of the side opening and the

outward flow from the confinement was slow [35].

Bidirectional flow was observed at the box outlet in cases with side opening whereas

unidirectional outflows were observed in the bottom opening cases. It could be observed

that the bottom opening cases have no unmixed, fresh fluid inflow into the confinement

compared to the side opening cases [35]. This would lead to higher concentration of

the salt solution inside the confinement for the bottom opening cases compared to side

opening cases.

The incoming denser salt solution would reach the bottom wall of the confinement

due to the initial momentum of the jet and higher density. The mixing en route would

be lesser compared to the mixing due to the bottom wall of the confinement. Thus the

bottom region of the confinement continuously receives denser fluid, mixes them, makes

it lighter and buoys upwards. The bottom opening helps in draining the densest layers to

the ambient. But in the case of side opening, the fluid parcels with higher kinetic energy

and less concentration reaches the side opening and flow outwards. Thus the bottom

opening release out the denser fluid parcels while the side opening release the less denser

parcels.

The bidirectional flow in the case of side opening affects the mixing patterns apart

from feeding fresh, unmixed fluid. It can be observed that the lighter fluid that enters

the confinement via buoyancy driven convection has less velocity and kinetic energy to

involve in active mixing. These fluid parcels after entering the confinement immediately

occupies the top region and creates a relatively stagnant zone with less salt concentration.

They get involved in mixing via the entrainment caused by the incoming jet (Fig. 3.4,

Fig. 3.5). The regions of highest vorticity was near the region of entry of the jet into the

confinement.
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While the incoming jet gets mixed by the confined fluid in bottom opening cases, it

gets mixed with less mixed fluid in the case of confinement with side opening. In this

way the confinement with side opening effectively reduces the density gradient of the

jet fluid from the inlet itself. The rate of mixing inside the tank reduces with time as

the concentration gradient inside the box weakens. The rate of increase in concentration

inside the confinement would be lesser for side opening cases as the inflow of unmixed

ambient fluid prevents the immediate depletion of pure fluid inside the confinement.
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Chapter 5

Summary, Conclusion and Future

Work

The buoyant jet is a flow that comes between momentum jet and plume or puff. The

difference between them is in the continuous supply of mass and momentum. Experiments

were conducted on free jet and, confined jet at different inlet Reynolds number and outlet

positions. Confinement in near-field (0 − 17D) with side opening and bottom opening

geometries were selected to replicate basic wall and floor opening geometries. The buoyant

free jet in the experiments exhibited a behaviour similar to vertical non-buoyant jet in

open flow domains due to its low density difference/buoyancy but the confined buoyant jet

has shown different behaviour in flow evolution. While a free, momentum jet moves with

lesser mixing, the mixing in a buoyant jet in confinement is higher due to recirculation

zones.

The buoyant jet exhibits an acceleration at the beginning and drops momentum faster

due to mixing of components. In the case of a jet hitting a wall perpendicular to the

flow, a non-buoyant jet loses energy and spreads uniformly all around. But in the case

of a buoyant jet, once the momentum is lost after hitting the wall, the buoyancy driven

convection also comes into picture and creates a preferential motion favouring density

based stratification.

Self-similar profiles were observed for axial velocity and concentration at different

cross sections in the far-field for steady, free, turbulent jet in various experimental studies

conducted by others. In the present study, it was observed that there are cases in which

axial velocity of the jet and concentration profiles at different cross sections were nearly

self-similar in the near-field (0 − 15D), for decelerating, confined, turbulent jet also.

Difference in flow and mixing patterns were observed in the case of side and bottom

opening cases. The side opening geometry effectively reduces the density gradient between

the salt solution and ambient fluid near the jet inlet. The bottom opening geometry
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selectively flushes out the bottom, denser layers of fluid. Thus, even with fluids with

same density difference, the largest effective density difference inside the confinement can

arise in the case of confinement with a side opening compared to that of a confinement

with bottom opening.

5.1 Velocity and concentration profiles

From the normalized, mean centreline profiles of velocity and concentration of the decel-

erating, buoyant confined, turbulent jet in experiments, it can be observed that they are

nearly self-similar like a steady, turbulent, free jet and it was observed inside a confine-

ment of maximum axial dimension of 17D which falls in the near-field of the jet. The

self-similar character shows the loss of memory of initial state of the flow. This finding

matches with the findings of of Dong-hyuk Shin et.al [18]. Most of the kinetic energy

of the turbulent jet is associated with the large scale structures. Thus there is a differ-

ence in the pattern of mixing in the near-field with large structures and at the far-field.

The length of the unmixed jet-core/laminar length is related to the span of near-field

of the jet. In the present experiments, it can be observed that in the cases with higher

self-similarity for axial velocity values at different cross sections, the unmixed jet-core is

minimal which indicates the beginning of fully developed flow from a shorter axial span.

Analysing the pattern of mixing near and away from the inlet, the mean near-inlet

concentration is nearly 1.5times of the mean concentration away from inlet. The results

from this study may be used for the design of buildings where room height falls within

the near-field of a possible source of buoyancy like a gas leakage or local fire.

The flow patterns in low Reynolds number cases are simpler where stable stratification

patterns were observed. It can be observed that at low Reynolds number (Re = 1500),

there is less difference in flow and mixing between the side and bottom opening flow

geometries. In the case of experiments in confinement with side opening, the height of

neutral level reaches till the bottom portion of side opening. The less kinetic energy in

the low Reynolds number flows reduces the number of eddy turnovers that negatively

affects mixing. In the case of high Reynolds number flows, the higher kinetic energy

leads to more number of eddy turnovers and a larger spectrum of energy cascade which

causes violent mixing.

The low Reynolds number flows reach a steady state before t = 240s from the be-

ginning of the flow. In the high Reynolds number test cases with bottom opening, the

violent mixing and preferential release of denser fluid does not cause a dynamic steady

state even if the concentration values from fluorescence appear saturated. In the high

88 Chapter 5 EMU JNCASR



Unsteady, Confined, Buoyant Jets

Reynolds number tests with side openings, the violent mixing and bidirectional side flows

alters the flow patterns and it releases only the lighter layers of fluid to the ambient

fluid domain. The denser layers inside the confinement are trapped at the bottom and

the incoming lighter layers are trapped at the top due to buoyancy. Violent mixing can

be observed at the locations of strong eddies and near the flow outlet where these two

layers are brought in contact. The buoyancy induced density stratification and turbulent

kinetic energy involved in mixing acts in opposite manner in the case of mixing. While

buoyancy separates the layers and reduces interactions between fluid parcels of different

density, turbulent kinetic energy facilitates more interaction and mixing.

Stable neutral level was observed inside the confinement for both side and bottom

opening cases for jet flow at Re = 1500 but not observed for higher Reynolds number

jet cases Re = 2600, 3700. This shows that in an actual case of fire emergency, the

safe evacuation time available for occupants makes a sudden dip if the Reynolds number

approaches 2600 from 1500.

5.1.1 Coefficient of entrainment

Comparing the entrainment coefficients for bottom and side opening cases, the difference

in pattern of mixing is evident. While the near-wall side of the jet appears more or less

similar in both cases, the far-wall side of the jet has different mixing pattern based on

the location of the flow outlet. The entrainment values are higher at the near-field for

the side opening cases over the bottom opening case. This is a clear indication of the

enhanced mixing by the trapped circulation zones created by the confinement.

5.2 Mode of stratification

If the inlet and outlet are separated by a sufficient distance in displacement ventilation,

stable stratification can happen irrespective of the inlet Reynolds number. But in the ex-

periments conducted, the axial dimensions are restricted by the confinement at 17D which

prevents stable stratifications, especially for the high Reynolds number cases. Therefore

the typical patterns of displacement ventilation were not observed in the experiments

conducted. The mode of stratification was dependent on the Reynolds number in the

experiments conducted. The kinetic energy of the jet fluid was significantly larger than

the buoyancy factors in the near-field.

In the case of experiments in confined space with side opening, especially in the cases

of buoyant jet with low Reynolds number, if the side opening is near the bottom wall, the

bidirectional flow may not happen effectively. In the case of a low momentum jet with
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bottom opening and stratification, the stratified layers will put an extra pressure at the

bottom outlet to flush out the denser layers of fluid. A finite pressure difference at the

outlet makes a unidirectional flow that flushes out the fluid inside whereas a outlet with

negligible pressure gradient allows bi-directional flow. The effectiveness of the openings

depend mainly on the strength of the source of buoyancy and secondly on the position

with respect to the stratification if it exists.

5.3 Confined space with anisotropic turbulence

Due to the continuous mean flow, there would be a large difference in the velocity fluc-

tuation in the vertical direction compared to the horizontal direction in the jet region.

But the presence of a 3D confinement in the near-field of the jet changes the mean flow

direction continuously, which shifts the direction of anisotropy continuously. Since the

mixing of components are related to the velocity fluctuations, the continuous shift in

anisotropy in velocity fluctuations leads to better mixing of components.

The confined space also puts a limit to the size of the largest eddies, reducing the

time scales. The integral time scale is related to the energy transfer between eddies.

Reducing the time scale would bring the energy transfer immediately to the smaller sized

eddies, where molecular diffusion occurs. Each change in direction of the mean flow by

the confinement causes loss of energy making the condition favourable for mixing. Mixing

is proportional to the area of interaction of fluid parcels at smaller scales. Increase in

strain increases the area of interaction and enhances mixing. Thus the molecular diffusion

phase was attained faster in the case of a jet in confinement compared to a free jet.

5.4 Engineering solutions

There is a significant difference between the flow dynamics of a near-field confined jet and

a free jet. During a fire, opening a portion of roof near the source can change the flow

dynamics of jet and make it similar to a free jet. In the actual case of a fire emergency,

weaker fire sources cause smoke to reach the ceiling less mixed and stratify. Facilitating

this lighter layer from escaping from the room at tall positions can help in maintaining

less mixed air in a room.

In the case of gas leakage from a pressurized pipe, the flow pattern can be predicted

based on the inlet Reynolds number and the geometry of the confined space from the

present study. This would help in finding the reaction time, safe evacuation time, decide

position of ventilators and formulate the safety protocols.
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Placing all doors and windows above a certain height from the floor can help in

achieving better safety through trapped, unmixed air, for human life and valuable assets.

Sufficiently tall ceiling levels (far-field, based on possible sizes of gas leakage points) would

help in these cases to hold all the dangerous gases allowing some time for safe evacuation

whereas stronger sources of fire would make the gases mixed with the room atmosphere

from lower heights. This would significantly reduce the time to evacuate the occupants

to safety. The design of roof and wall openings need to be made carefully based on

the near and far-field distances from possible jet sources to reduce the dangerous gases

concentration inside the room and also to provide sufficient time for safe evacuation.

Stratification can be used to localise the lighter fluid at the top levels. Tilted roofs

with openings at the highest points will favour stratification and preferential release of

the lightest smoke (highest temperature air). Unlike the case of unconfined buoyant

jet where the jet-core travels a distance, loses momentum and behaves like a plume,

the confinement in the experiments conducted affects the unmixed jet-core and causes

spreading in all horizontal direction which leads to higher mixing at the bottom plate.

The buoyant jet after hitting the confinement will travel along these walls. If the walls

are made in a manner so as to direct the flows to an opening, the outflow can be made

more efficient.

5.5 Future works

Synchronized PIV-PLIF measurements can be done on selected regions to improve the

resolution of data and quantify the concentration better. The fast moving jet and the

slow buoyancy driven convection can be separately analysed in this way. Experiments

with higher density differences and combination of roof and wall openings at different

positions and shapes also can be done. The set up may be modified to perform 3D-PIV

tests also.

The derivatives of values obtained from PIV data have lesser resolution than the

PIV data in each step. Increasing the resolution can help in resolving finer structures

of turbulence and extract higher resolution data from derived quantities. In this way

eddy viscosity and turbulent kinetic energy can be studied in detail. Obtaining turbulent

kinetic energy and high resolution buoyancy field helps in understanding the pattern of

mixing and stratification. The relationship between self-similarity obtained at near-field

in confinement and the background turbulence can also be studied.

The modes of outflow from the confinement can be studied based on the Rayleigh-

Taylor instabilities at the flow exits and the whole confinement. This would help in finding
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optimum position and opening sizes for rooms to handle fire emergency. The study can

be extended to buoyant plumes also to address the wide range of cases encountered in

fire emergencies. The position of flow exits can be also checked based on the neutral level

inside the confinement in the case of low Reynolds number flows.
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.1 Unsteady turbulent round jet

.1.1 Temporal evolution of centreline velocity

The variation of centreline velocity at different axial locations from time t = 5− 50s are

shown in the following plots. The values show high degree of fluctuation throughout the

duration of recording. They also show a gradual reduction in the magnitude of centreline

velocity.
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Figure 1: Temporal evolution of centreline velocity, 0.88lpm inflow rate, φ30mm side
opening (t = 5− 50s)(P is the end of inlet and D is the inlet diameter)
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Figure 2: Temporal evolution of centreline velocity, 0.88lpm inflow rate, φ30mm side
opening (t = 245− 290s)(P is the end of inlet and D is the inlet diameter)

.1.2 Autocorrelation tests on the temporal profile of centreline

velocity

Autocorrelation tests were conducted on the temporal profile of centreline velocity and

it was found that the velocity values at different time instants are weakly correlated.
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Figure 3: Temporal evolution of centreline velocity, 0.88lpm inflow rate, φ30mm bottom
opening (t = 5− 50s)(P is the end of inlet and D is the inlet diameter)
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Figure 4: Temporal evolution of centreline velocity, 0.88lpm inflow rate, φ30mm bottom
opening (t = 245− 290s)(P is the end of inlet and D is the inlet diameter)
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Figure 5: Temporal evolution of centreline velocity, 0.489lpm inflow rate, φ30mm side
opening (t = 5− 50s)(P is the end of inlet and D is the inlet diameter)

260 280

-0.2

-0.1

0

V
(m

/
s)

P+D

260 280

-0.2

-0.1

0

P+2D

260 280

Time (s)

-0.15

-0.1

-0.05

0

0.05

V
(m

/
s)

P+4D

260 280

Time (s)

-0.15

-0.1

-0.05

P+8D

Figure 6: Temporal evolution of centreline velocity, 0.489lpm inflow rate, φ30mm side
opening (t = 245− 290s)(P is the end of inlet and D is the inlet diameter)
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Figure 7: Temporal evolution of centreline velocity, 0.489lpm inflow rate, φ30mm bottom
opening (t = 5− 50s)(P is the end of inlet and D is the inlet diameter)
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Figure 8: Temporal evolution of centreline velocity, 0.489lpm inflow rate, φ30mm bottom
opening (t = 245− 290s)(P is the end of inlet and D is the inlet diameter)
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Figure 9: Autocorrelation of the centreline velocity at different axial locations from time,
t = 5 − 45s, for a confinement with side opening of φ30mm and jet inlet flow rate =
0.88lpm
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Figure 10: Autocorrelation of the centreline velocity at different axial locations from time,
t = 5− 45s, for a confinement with bottom opening of φ30mm and jet inlet flow rate =
0.88lpm
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Figure 11: Autocorrelation of the centreline velocity at different axial locations from
time, t = 5− 45s, for a confinement with side opening of φ30mm and jet inlet flow rate
= 0.489lpm
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Figure 12: Autocorrelation of the centreline velocity at different axial locations from time,
t = 5− 45s, for a confinement with bottom opening of φ30mm and jet inlet flow rate =
0.489lpm
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.2 Velocity-Concentration correlations

(a) Side Opening Geometry (b) Bottom Opening Geometry

Figure 13: Velocity-Concentration correlation for confinement with side and bottom open-
ing of φ30mm (flow rate = 0.489lpm, Re ≈ 1500, t = 5− 50s)

.3 Synchronized PIV-PLIF data

(a) Confinement with bottom opening (b) Confinement with side opening

Figure 14: PIV and PLIF results overlapped. It can be observed that the flow velocity
of the buoyancy driven convection in the far region of the jet inside the confinement is
far lesser in magnitude compared to the flow velocity in the jet domain.
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